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ABSTRACT
Vinylketenes (generated in situ from cyclobutenones or a-diazo ketones) react with ynamides via
a pericyclic cascade process to produce highly-substituted aniline derivatives. Cyclization of the
benzannulation products can then be achieved via several alternate procedures leading to indoles
that are highly substituted on the six-membered ring. The cyclization approaches investigated as
the second step in this tandem strategy included aromatic substitution, palladium-catalyzed
oxidative amination, and nucleophilic cyclization. This thesis discusses the scope and limitations
of this tandem strategy.
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Part I
Introduction and Background
Chapter 1
Strategies for the Synthesis of Indoles
The indole ring system is an integral part of numerous natural products, 1
pharmaceuticals, 2 and synthetic compounds of commercial interest. In recent decades, these
heterocycles have served as important core structures for drug discovery. As a result, they have
been described as privileged substructures to emphasize their ability to bind to a number of
biological targets with high affinity. Some recently discovered indole-containing drugs that are
in clinical use are shown below. Zolmitriptan (1) is an antimigraine drug developed at
AstraZeneca, and delavirdine (2) is a non-nucleoside HIV-1 reverse transcriptase inhibitor for
the treatment of HIV infection, marketed by Pfizer as the mesylate salt.
H HN
N iNMe2 N
N MeSO 2NH -
H
N O
zolmitriptan (1) H
delavirdine (2)
Despite nearly one and a half centuries of research on synthetic methods targeting
indoles,3'4 certain substitution patterns on these heterocycles are still difficult to obtain. This gap
in methodology serves as a strong driving force for the development of new strategies. The
majority of methods for the practical formation of indoles involve the assembly of the five-
membered ring starting from an aniline or ortho-substituted aniline derivative. Many of these
methods are efficient for the direct synthesis of 2-substituted, 3-substituted, and 2,3-disubstituted
'For recent reviews, see: (a) Higuchi, K.; Kawasaki, T. Nat. Prod. Rep. 2007, 24, 843. (b) Kawasaki, T.; Higuchi, K.
Nat. Prod. Rep. 2005, 22, 761.
2 For lead references, see: Kleemann, A.; Engel, J.; Kutscher, B.; Reichert, D. Pharmaceutical Substances, 4th Ed.;
Thieme: Stuttgart, 2001.
3 (a) Joule, J. A. In Science ofSynthesis; Thomas, E. J., Ed.; Thieme: Stuttgart, 2000; Vol. 10, pp 361-652. (b)
Sundberg, R. J. Indoles; Academic Press: London, 1996.
4 For recent reviews, see: (a) Humphrey, G. R.; Kuethe, J. T. Chem. Rev. 2006, 106, 2875. (b) Cacchi, S.; Fabrizi, G.
Chem. Rev. 2005, 105, 2873. (c) Gribble, G. W. J. Chem. Soc., Perkin Trans. 1 2000, 1045.
indoles. Moreover, regioselective functionalization of the five-membered ring of indoles via
substitution, directed metalation, or cross coupling reactions is often straightforward. On the
other hand, installation of substituents on the benzenoid portion of the indole system often
suffers from problems with regard to reactivity and chemo- and regioselectivity. In fact, access
to indoles that are highly substituted on the benzenoid portion has remained a difficult challenge.
These indoles are well represented by a number of complex indole natural products with
interesting biological properties, some of which are shown below.
Me
If,,
yatakemycin (3) herbindole C (4)
Na03SO
,CO2H
HO" r U--H
2
HO2C N 0
pyrroloquinoline quinone (5) dictyodendrin A (6)
One commonly used approach to access this type of indole involves the initial synthesis
of a highly-substituted aniline derivative followed by construction of the five-membered ring.
This type of synthetic sequence often commences with the transformation of commercially
available substituted benzene derivatives to the required aniline derivatives via a lengthy linear
sequence. Issues of regio- and chemoselectivity often need to be addressed by tactics developed
on a case-by-case basis.
A number of strategies for the synthesis of indoles that carry multiple substituents on the
six-membered ring have been reported in the literature. One early example is the Nenitzescu
indole synthesis, first described in 1929.5 This reaction involves the condensation of a p-
benzoquinone with an enamine and leads to the formation of 5-hydroxyindoles. Substituted p-
benzoquinones are suitable substrates for the reaction. Regioselectivity is usually good when
one of the substituents is strongly electron-donating, strongly electron-withdrawing, or bulky.
The example below demonstrates the dominating directing effect of the electron-withdrawing
trifluoromethyl group. 6
0 EtO 2C MeOH HO F3 COEt HO 02
SMe Me NOT I Me (1)
- H74% N N
Cl Ci CF 3
7 8 9 10
Another strategy focuses on the creation of a highly-substituted benzenoid portion of the
indole system from an appropriate substituent on the 2- or 3-position of a pyrrole. This approach
usually employs an aromatic substitution to close the six-membered ring, followed by
aromatization of the new ring via elimination and tautomerization.
One general version of this strategy has been studied extensively by Natsume, 7 who
applied this method in the synthesis of a number of complex indole natural products such as
herbindole C (4)8 and duocarmycin SA.9 As an example, the key steps for the formation of the
indole core 18 in the Natsume total synthesis of herbindole C are shown in Scheme 1 below.
Intramolecular acid-catalyzed alkylation at C-2 of the pyrrole in 16 and 17 forms a tricyclic diol
intermediate that dehydrates under the reaction conditions to give highly-substituted indole 18.
5 Nenitzescu, C. D. Bull. Soc. Chem. Romania 1929, 11, 37.6 Littell, R.; Allen, G. R., Jr. J. Org. Chem. 1968, 33, 2064.
7 For seminal publication, see: Muratake, H.; Natsume, M. Heterocycles 1989, 29, 771.8 (a) Muratake, H.; Mikawa, A.; Natsume, M. Tetrahedron Lett. 1992, 33, 4595. (b) Muratake, H.; Mikawa, A.;
Seino, T.; Natsume, M. Chem. Pharm. Bull. 1994, 42, 854.
9 Muratake, H.; Matsumura, N.; Natsume, M. Chem. Pharm. Bull. 1998, 46, 559.
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In a recent series of papers, Kerrio reported an approach to highly-substituted indoles that
employs Diels-Alder reactions of quinone imine derivatives 21 to form dihydronaphthalenes 23,
followed by a Plieninger1' cyclization (Scheme 2). The initial cycloadduct 22 from the Diels-
Alder reaction is converted to dihydronaphthalene 23 by treatment with acid or base. Next, a
two-step dihydroxylation-oxidative cleavage sequence provides dicarbonyl compound 24, which
can then be cyclized to indole 25 under acidic conditions. The quinone imine derivatives 21 are
obtained by oxidation of 4-substituted anilines. This approach is most effective for the synthesis
of 4,5-disubstituted indoles.
o1 (a) Banfield, S. C.; England, D. B.; Kerr, M. A. Org. Lett. 2001, 3, 3325. (b) Zawada, P. V.; Banfield, S. C.; Kerr,
M. A. Synlett 2003, 971. (c) England, D. B.; Kerr, M. A. J. Org. Chem. 2005, 70, 6519.
" For seminal publication, see: Plieninger, H.; Suhr, K. Chem. Ber. 1956, 89, 270.
cat. Os04
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Ph
Ph
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1 20
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Alder
acid
or
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Boger employed the Diels-Alder reaction of quinone diimine 28 followed by a Plieninger
indole synthesis (Scheme 3) to assemble a highly-substituted indole intermediate for the total
synthesis of yatakemycin (3). 12,13 The Diels-Alder reaction is regioselective due to the
dominating electronic effect of the N-tosylimine in 28 and allows the regioselective installation
of two differentiated carbonyl groups, unveiled in the next step by ozonolysis. The aldehyde is
cyclized in situ to provide aminal 31, which is then dehydrated to the desired indole 32.
12 Tichenor, M. S.; Kastrinsky, D. B.; Boger, D. L. J. Am. Chem. Soc. 2004, 126, 8396.
13 For an earlier application of this strategy in the synthesis of an indole intermediate towards the total synthesis of
CC-1065, see: (a) Kraus, G. A.; Yue, S. Chem. Comm. 1983, 1198. (b) Kraus, G. A.; Yue, S.; Sy, J. J. Org. Chem.
1985, 50, 283.
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Application of intramolecular cycloaddition reactions represents another class of
strategies for the synthesis of highly-substituted indoles. 14 For example, recent work in our
laboratory has demonstrated an efficient synthesis of highly-substituted indolines and indoles via
intramolecular [4 + 2] cycloaddition of ynamides and conjugated enynes.. Ynamides such as 33
are cyclized under thermal or Lewis acidic conditions to afford indolines in good yield. These
indolines can be oxidized to the corresponding indoles using o-chloranil in benzene. The
disconnection pattern shown on ynamide 33 indicates how these substrates are assembled. This
is an efficient modular approach because a variety of substitution patterns on the six-membered
ring of the indoline can be obtained by changing the substituents on the ynamides.
- CO2Me
COt-Bu
33
BHT, toluene
110 0C 8h
91%
1) TFA, CH2CI2, rt, 2 h
2) 1.0 equiv o-chloranil
benzene rt 15 min
85% over two steps
02Me
(2)
H
35
14 Dunetz, J. R.; Danheiser, R. L. J. Am. Chem. Soc. 2005, 127, 5776 and references therein.
Scheme 3
Several major approaches to the synthesis of highly-substituted indoles have been briefly
discussed above. The strategy of Natsume has the advantage of straightforward regiocontrol.
However, the substituted pyrrole substrates are not always trivial to synthesize and the
installation of all of the substituents generally requires long linear synthetic sequences. The
Nenitzescu indole synthesis and the Diels-Alder approaches of Kerr and Boger are clever and
convergent strategies. For highly-substituted targets, however, the regioselectivity of the
cycloaddition needs to be successfully controlled. The requirement of a directing group, such as
the tosyl group in compound 28 (Scheme 3), may become a burden in a synthesis when the
removal or transformation of the directing group is difficult. Moreover, the assembly of the
highly-substituted six-membered cycloaddition substrates is another challenge, as illustrated by
the eight-step synthesis of quinone diimine 28 from o-vanillin (26) (Scheme 3). In summary,
there is still a lack of general, efficient and convergent strategies to indoles bearing multiple
substituents on the six-membered ring.
In order to address these limitations, our research has focused on a new tandem
benzannulation-cyclization strategy for the synthesis of highly-substituted indoles (eq 3). In our
proposed strategy, the reaction of ynamides and cyclobutenones or a-diazo ketones would lead to
the convergent and regioselective generation of polysubstituted aniline derivatives via a cascade
of pericyclic reactions that will be discussed in the next chapter. The benzannulation precursors
would be designed to (a) carry suitable functional groups that would allow a tandem cyclization
reaction to form the five-membered ring of the indole system, and (b) result in variable
substitution patterns on the eventual six-membered ring of the indole system. This method
would be well-suited for the generation of libraries of indoles that are highly-substituted on the
R1
R2  R3  R4  R
.. A . ,, R
or III II I _
'' /N. R
R3 X N2 Z
N 'R 5  R
1 Z
R2 R1
or
(3)
benzenoid portion, through the use of a family of cyclobutenones or a-diazo ketones with
different R groups. Three approaches to the cyclization step have been developed and will be
discussed in Part II of this thesis.
The many readily available methods for the synthesis of indoles via the formation of the
five-membered ring serve as an important basis for the design of our strategy. A brief
introduction will be given here focusing on methods with relevance to the development of our
tandem strategy.
The classic Fischer indole synthesis 15 converts an N-aryl hydrazone to an indole via
sigmatropic rearrangement and nucleophilic cyclization (eq 4). The aniline intermediate 39
cyclizes via nucleophilic attack of the amino group on the imine, which is usually activated by
the acid catalyst used in the reaction. Anilines such as 39 and carbonyl compounds of the
general structure 41 (eq 5) are some of the most important intermediates for the synthesis of
indoles. These types of compounds undergo cyclization and elimination to form indoles very
rapidly, commonly under the conditions employed for their own synthesis.
NH (4)NNH NH
H H H H2  H
36 37 38 39 40
R1 O : N R (5)
N H H
41 42
Anilines that carry a 2-oxo carbon chain on the nitrogen atom can be cyclized to 3-
substituted indoles via aromatic substitution followed by dehydration, usually under the action of
Lewis acids (eq 6).16 The required ketones are usually synthesized via substitution of a-halo
carbonyl compounds by an aniline. Related methods developed by Nordlander 17 and Sundberg18
allow the synthesis of 2,3-unsubstituted indoles by the use of diethyl acetals of type 43 (eq 7).
15 Robinson, B. The Fischer Indole Synthesis; Wiley-Interscience: New York, 1982.16 (a) For an early study, see: Julia, M.; Tchernoff, G. Bull. Soc. Chim. Fr. 1960, 741. (b) For a review, see: Joule, J.
A. In Science ofSynthesis; Thomas, E. J., Ed.; Thieme: Stuttgart, 2000; Vol. 10, pp 390-391 and 461-462.17 Nordlander, J. E.; Catalane, D. B.; Kotian, K. D.; Stevens, R. M.; Haky, J. E. J. Org. Chem. 1981, 46, 778.
R2 0 Lewis R2
acid 
(6)
R1 RI
1) (C F3CO)20 EtO OEt TiC,4
R1 -  CF3CO2H A R1I toluene A R1-  N (7
H 2) KOH, MeOH NR = S 2Me SO2Me
44 R = H 43 45
A number of ortho-substituted aniline derivatives can be cyclized to indoles in a facile
fashion. One important class of these indole precursors are 2-haloanilines. These compounds
have found extensive use in cyclizations involving alkenyl and alkynyl groups via intramolecular
amination or arylation reactions. The majority of these reactions employ palladium catalysis.4b' 19
The work of Ban (eq 8),2° Heck (eq 8),21 Hegedus (eq 9),22 and Larock (eq 10)23 are
representative. Many other metal-catalyzed or metal-mediated processes are also available. For
example, Buchwald24 has developed a synthesis of 3,4-disubstituted indoles via the intermediacy
of zirconocene-stabilized benzyne complexes (Scheme 4).
Me
N Pd(O))
Z Z
Br Pd(ll) e (9)
H22 Me 
(9)
NH 2  NH 2  H
18 Sundberg, R. J.; Laurino, J. P. J. Org. Chem. 1984, 49, 249.
19 Gribble, G. W. In Palladium in Heterocyclic Chemistry; Li, J. J., Gribble, G. W., Eds.; Elsevier: Amsterdam, 2007;
pp 81-188.20 For seminal publication, see: Mori, M.; Chiba, K.; Ban, Y. Tetrahedron Lett. 1977, 18, 1037.
21 For seminal publication, see: Terpko, M. O.; Heck, R. F. J. Am. Chem. Soc. 1979, 101, 5281.
22 For seminal publication, see: Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am. Chem. Soc. 1978, 100,
7800.23 For seminal publication, see: Larock, R. C.; Yum, E. K. J. Am. Chem. Soc. 1991, 113, 6689.
24 (a) Tidwell, J. H.; Senn, D. R.; Buchwald, S. L. J. Am. Chem. Soc. 1991, 113, 4685. (b) Tidwell, J. H.; Buchwald,
S. L. J. Am. Chem. Soc. 1994, 116, 11797. (c) Tidwell, J. H.; Peat, A. J.; Buchwald, S. L. J. Org. Chem. 1994, 59,
7164.
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2-Alkynylanilines are widely used as precursors to indoles. During the investigation of
alkyne coupling reactions in the early 1960s, Castro and Stephens found that o-iodoanilines and
copper acetylides couple to yield indoles (eq 11).25 Since then the synthesis of indoles via the
cyclization of 2-alkynylanilines in the presence of copper (I) salts has been well developed (eq
12).26 Subsequently, other useful tactics for effecting this type of cyclization were discovered,
including the use of base,27 TBAF,28 and palladium catalysts (eq 12).29 One important advantage
of this strategy is the ease of synthesis of the substrates via the Sonogashira or Castro-Stephens
coupling reaction of a 2-haloaniline and an acetylene.
Cu
+ R1 (11)
NH2 R1 H
25 (a) Castro, C. E.; Stephens, R. D. J. Org. Chem. 1963, 28, 2163. (b) Stephens, R. D.; Castro, C. E. J. Org. Chem.
1963, 28, 3313.26 For a recent discussion, see section 3.3.2 ofref 4a and references therein.
27 For seminal publication, see: (a) Sakamoto, T.; Kondo, Y.; Yamanaka, H. Heterocycles, 1986, 24, 31. (b)
Sakamoto, T.; Kondo, Y.; Iwashihta, S.; Yamanaka, H. Chem. Pharm. Bull. 1987, 35, 1823.
28 For seminal publication, see: Yasuhara, A.; Kanamori, Y.; Kaneko, M.; Numata, A.; Kondo, Y.; Sakamoto, T. J.
Chem. Soc., Perkin Trans. 1 1999, 529.29 For recent reviews, see: (a) Alonso, F.; Beletskaya, I. P.; Yus, M. Chem. Rev. 2004, 104, 3079. (b) Ref 4b.
NH2
(10)
I A
N BH
R
1  base or TBAFC H or Cu or Pd R (12)
-I RI (12)
NH2  NH2  H
Before discussing the results of our tandem benzannulation-cyclization strategy for the
synthesis of highly-substituted indoles, it is appropriate to give an overview of the important
features of the benzannulation reaction and the results of preliminary studies conducted in our
laboratory on a tandem benzannulation-cyclization route to nitrogen heterocycles. These will be
the topics of the next chapter.
Chapter 2
Benzannulation and Tandem Benzannulation-Cyclization Strategies
Aromatic annulation strategies are powerful tools for the convergent and regiocontrolled
synthesis of highly-substituted benzenoid aromatic compounds.30 In contrast, other approaches
to these targets, including those involving nucleophilic and electrophilic aromatic substitution,
directed metalation, and metal-catalyzed coupling reactions, often require multiple synthetic
steps, may not be regioselective, and are less efficient. Some important classes of aromatic
annulations include methods based on carbonyl condensations,3 1 retro Diels-Alder chemistry (eq
13),32 and metal-catalyzed cyclotrimerizations and cycloadditions of alkynes (eq 14). 33
Q II 6 Q (13)
f (14)
Introduction to the Danheiser Benzannulation
The Danheiser laboratory has a long-standing interest in the development of new
annulation methodology. One subset of this research involves the application of vinylketenes 34' 35
as versatile four-carbon building blocks for the convergent assembly of various cyclic
30 For reviews, see: (a) Williams, A. C. Comtemp. Org. Synth. 1996, 3, 535. (b) Bamfield, P.; Gordon, P. F. Chem.
Soc. Rev. 1984, 13, 441. (c) For a Symposium-in-Print on "Cycloaddition and benzannulation approaches to
functionalized aromatic compounds", see: Tetrahedron 2008, 64, 767-968.
31 For recent examples, see: (a) Langer, P.; Bose, G. Angew. Chem. Int. Ed. 2003, 42, 4033. (b) Barun, O.; Nandi, S.;
Panda, K.; Ila, H.; Junjappa, H. J. Org. Chem. 2002, 67, 5398.
32 For a review, see: Rickborn, B. Org. React. 1998, 52, 1.
33 For recent reviews, see: (a) Kotha, S.; Brahmachary, E.; Lahiri, K. Eur. J. Org. Chem. 2005, 4741. (b) Saito, S.;
Yamamoto, Y. Chem. Rev. 2000, 100, 2901.
34 For lead references on ketenes, see: (a) Science ofSynthesis; Danheiser, R. L., Ed.; Thieme: Stuttgart, 2006; Vol
23. (b) Tidwell, T. T. Ketenes, 2nd ed.; Wiley and Sons: Hoboken, NJ, 2006.
35 For a review of the chemistry of vinylketenes, see: Danheiser, R. L.; Dudley, G. B.; Austin, W. F. In Science of
Synthesis; Danheiser, R. L., Ed.; Thieme: Stuttgart, 2006; Vol 23, pp 493-568.
compounds, including cyclooctadienones, 36 cyclopentenones, 37 cyclohexenones, 38 and phenol
derivatives. 38' 39' 40  These methods exhibit the common advantage that substituents can be
installed regioselectively at the desired positions of the final cyclic products. The goal of my
research was to extend the previous benzannulation route to phenol derivatives to a general
method for the synthesis of highly-substituted anilines.
The vinylketene-based benzannulation strategy previously developed in our laboratory
involves the reaction of alkynes with vinylketenes generated in situ.4 1 A cascade of pericyclic
reactions occurs resulting in the regiocontrolled assembly of the final aromatic product (Scheme
5). The reactive vinylketene intermediates are formed by the thermal or photochemical 4a
electrocyclic ring opening of cyclobutenones, or by a photochemical Wolff rearrangement of
diazo ketones. These intermediates are generally not isolable and act as reactive 2t components
in [2 + 2] cycloadditions with alkynes to give 4-vinylcyclobutenones. Under the reaction
conditions, these cyclobutenones then undergo 4rt electrocyclic cleavage to generate 1,3-
dienylketenes, which rapidly cyclize via 6t electrocyclic ring closure to give cyclohexadienones,
which then tautomerize to phenol derivatives.
36 Danheiser, R. L.; Gee, S. K.; Sard, H. J. Am. Chem. Soc. 1982, 104, 7670.
37 (a) Loebach, J. L.; Bennett, D. M.; Danheiser, R. L. J. Am. Chem. Soc. 1998, 120, 9690. (b) Dalton, A. M.; Zhang,
Y.; Davie, C. P.; Danheiser, R. L. Org. Lett. 2002, 4, 2465. (c) Davie, C. P.; Danheiser, R. L. Angew. Chem. Int. Ed.
2005, 44, 5867.
38 (a) Danheiser, R. L.; Sard, H. J. Org. Chem. 1980, 45, 4810. (b) Loebach, J. L.; Bennett, D. M.; Danheiser, R. L. J.
Org. Chem. 1998, 63, 8380.
39 (a) Danheiser, R. L.; Gee, S. K. J. Org. Chem. 1984, 49, 1672. (b) Danheiser, R. L.; Nishida, A.; Savariar, S.;
Trova, M. P. Tetrahedron Lett. 1988, 29, 4917. (c) Danheiser, R. L.; Brisbois, R. G.; Kowalczyk, J. J.; Miller, R. F.
J. Am. Chem. Soc. 1990, 112, 3093.
40 (a) Austin, W. F.; Zhang, Y.; Danheiser, R. L. Org. Lett. 2005, 7, 3905. (b) Austin, W. F.; Zhang, Y.; Danheiser,
R. L. Tetrahedron 2008, 64, 915.
4 1 (a) For a review of vinylketene-based benzannulation reactions, see: Danheiser, R. L.; Dudley, G. B.; Austin, W.
F. In Science of Synthesis; Danheiser, R. L., Ed.; Thieme: Stuttgart, 2006; Vol 23, pp 522-568. (b) For a review of
the Danheiser benzannulation, see: Kiirti, L.; Czak6, B. Strategic Applications ofNamed Reactions in Organic
Synthesis; Elsevier Academic Press: Amsterdam, 2005; pp 122-123.
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The latter steps of this benzannulation strategy have precedence in the work of Smith and
Hoehn, 42 who demonstrated the synthesis of 1-naphthol 48 in 1939 as shown in Scheme 6. In
this reaction, the [2 + 2] cycloaddition of diphenylketene with phenylacetylene at room
temperature affords 3,4,4-triphenylcyclobutenone (49) that is not isolable but presumably rapidly
undergoes ring opening to dienylketene 50, which then cyclizes to 1-naphthol 48.
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42 Smith, L. I.; Hoehn, H. H. J. Am. Chem. Soc. 1939, 61, 2619.
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Benzannulations via Dienylketenes
Other methods for the synthesis of highly-substituted aromatic compounds that involve
1,3-dienylketenes have also been reported. The work of D6tz, Liebeskind, and Moore are
particularly relevant and will be discussed briefly in this section.
Subsequent to the publication of our work, Liebeskind 43 and Moore 44 independently
reported methods for the synthesis of substituted quinones via the reaction of 4-
hydroxycyclobutenones (52) that bear an unsaturated substituent at C-4. These cyclobutenones
are typically synthesized from squaric acid (51) and are then transformed by thermolysis to 1,4-
dihydroquinone derivatives 53, which are readily oxidized to the corresponding quinones 54.
The mechanism of the conversion of 52 to 53 involves similar reactions to the last two steps in
Scheme 5.
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Several variants of this strategy for the synthesis of phenol derivatives have been
developed. Liebeskind has converted cyclobutenediones 55 to 4-chlorocyclobutenones 56,
which can then be substituted at C-4 with aryl or vinyl substituents via metal-catalyzed processes
(eq 16).45 Moore, on the other hand, has reported the reduction of intermediates of type 52 using
Lewis acids and trialkylsilanes to give 4-arylcyclobutenones (see 58->59, eq 17). 46
Cyclobutenones 57 and 59 can then be converted to phenols by thermolysis.
43 (a) For seminal publication, see: Liebeskind, L. S.; Iyer, S.; Jewell, C. F., Jr. J. Org. Chem. 1986, 51, 3065. (b)
For recent applications, see: Pefia-Cabrera, E.; Liebeskind, L. S. J Org. Chem. 2002, 67, 1689. (c) Zhang, D.;
Llorente, I.; Liebeskind, L. S. J. Org. Chem. 1997, 62, 4330.
44 (a) For a review, see: Moore, H. W.; Yerxa, B. R. In Advances in Strain in Organic Chemistry; Halton, B., Ed.; Jai
Press: Greenwich, CT, 1995; Vol. 4, pp 81-162. (b) For seminal publication, see: Karlsson, J. O.; Nguyen, N. V.;
Foland, L. D.; Moore, H. W. J. Am. Chem. Soc. 1985, 107, 3392. (c) Perri, S. T.; Foland, L. D.; Decker, O. H. W.;
Moore, H. W. J. Org. Chem. 1986, 51, 3067. (d) For recent applications, see: Ezcurra, J. E.; Karabelas, K.; Moore,
H. W. Tetrahedron 2005, 61, 275. (e) Tiedemann, R.; Heileman, M. J.; Moore, H. W. J. Org. Chem. 1999, 64, 2171.
45 Krysan, D. J.; Gurski, A.; Liebeskind, L. S. J. Am. Chem. Soc. 1992, 114, 1412.46 Turnbull, P.; Moore, H. W. J. Org. Chem. 1995, 60, 644.
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The Dotz benzannulation 47 involves the reaction of an alkyne with a vinyl or aryl Fischer-
type chromium carbene and produces a benzene derivative 64 complexed to
tricarbonylchromium (eq 18). Decomplexation can be carried out via oxidation. The sequential
insertion of the alkyne and one carbon monoxide ligand assembles all carbons required for the
new aromatic ring, leading to the r 4-dienylketene intermediate 63 that cyclizes to the phenol
product.
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Scope of the Danheiser Benzannulation
My research has involved the extension of our existing benzannulation protocol to
provide a general method for the synthesis of polysubstituted nitrogen heterocycles. This section
reviews the scope of the Danheiser benzannulation prior to the development of this new
extension of the method.
47 (a) For recent reviews, see: Dbtz, K. H.; Stendel, J., Jr. In Modem Arene Chemistry; Astru, D., Ed.; Wiley-VCH:
Weinheim, Germany, 2002; pp 250-296. (b) de Meijere, A.; Schirmer, H.; Duetsch, M. Angew. Chem. Int. Ed. 2000,
39, 3964. (c) D6tz, K. H.; Tomuschat, P. Chem. Soc. Rev. 1999, 28, 187. (d) For seminal publication, see: Dtz, K.
H. Angew. Chem. Int. Ed. 1975, 14, 644.
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In the "first-generation" version of the benzannulation reaction, vinylketenes are
generated via the thermal or photochemical ring opening of cyclobutenones.4 8 This method of
generation of vinylketenes has the advantage that it is reversible and only a small amount of
vinylketene is present at one time. This prevents the vinylketenes from undergoing dimerization
or polymerization. Activated alkynes including arylacetylenes, alkynyl ethers, alkynyl thioethers,
and alkynyl amines (ynamines) can be used in the reaction. These "activated" substrates are
required because they have higher reactivity in [2 + 2] cycloadditions with vinylketenes and the
activating group ensures that the cycloaddition is regioselective.
Previous studies have shown that ketoketenes (e.g., 71) are less reactive in the [2 + 2]
cycloaddition step. Consequently successful benzannulation requires that the reaction be run at
higher temperatures as compared to reactions with aldoketenes (e.g., 68) (Scheme 7).
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Methoxy alkynes have been used in most of our initial studies because alkoxy alkynes
with a 3-hydrogen decompose via a retro-ene reaction at elevated temperature to form ketenes
and alkenes (eq 19). In order to prepare resorcinol products with masked hydroxyl groups,
siloxyalkynes 49 were tested and proved to be good ketenophiles in this reaction.39b,' 5  The silyl
ether can be cleaved easily at a later stage.
48 (a) For reviews of the synthetic utility of carbocyclic four-membered rings, including cyclobutanones and
cyclobutenones, see: Bellu', D.; Ernst, B. Angew. Chem. Int. Ed. 1988, 27, 797. (b) Namyslo, J. C.; Kaufnann, D. E.
Chem. Rev. 2003, 103, 1485. (c) For a leading reference on carbocyclic four-membered ring compounds, see:
Methoden der Organischen Chemie (Houben-Weyl); de Meijere, A., Ed.; Thieme: Stuttgart, 1997; Vol. E17f.
49 For reviews of the preparation and use of siloxyalkynes (silyl ynol ethers) and ynolates, see: (a) Shindo, M.
Tetrahedron 2007, 63, 10. (b) Shindo, M. Synthesis 2003, 2275.
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Alternatively, thermally sensitive tert-butoxyalkynes5  and benzyloxyalkynes 52 have
participated successfully in benzannulations in which the vinylketenes are generated
photochemically from cyclobutenones at room temperature. For optimal results, these reactions
are sometimes halted at the stage where a mixture of the aromatic product and the
vinylcyclobutenone intermediate is present. These mixtures can then be heated to complete the
conversion to the desired aromatic product.
In a "second-generation" benzannulation protocol, vinylketenes are formed via a
photochemical Wolff rearrangement53 of diazo ketones. The significance of this variant of the
benzannulation strategy is twofold. First, this method allows ready access to polycyclic aromatic
and heteroaromatic systems that are not easily made via the cyclobutenone-based approach or via
the Liebeskind and Moore strategies. Second, the photolysis is run at room temperature and
tolerates thermally sensitive substrates and products. The synthesis of benzocyclobutene 74
illustrates this version of the benzannulation (eq 20).
hv H0 Et CICH 2CH 2CI Et
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For products that are thermally stable, it is sometimes advantageous to stop irradiation in
the photo-Wolff variant of the benzannulation after the complete consumption of the limiting
agent. The reaction mixture is then heated to complete the transformation to the aromatic
product. The reason for this protocol is the often sluggish photochemical conversion of the
50 Kowalski, C. J.; Lal, G. S. J. Am. Chem. Soc. 1988, 110, 3693.
51 Pal, K. A Photochemical Annulation Approach to Highly Substituted Aromatic Compounds. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, February, 1987.52 Dudley, G. B.; Takaki, K. S.; Cha, D. D.; Danheiser, R. L. Org. Lett. 2000, 2, 3407.
53 For reviews of the Wolff rearrangement, see: (a) Kirmse, W. Eur. J. Org. Chem. 2002, 2193. (b) Doyle, M. P.;
McKervey, M. A.; Ye, T. Modern Catalytic Methods for Organic Synthesis with Diazo Compounds; Wiley and Sons:
New York, 1998; Chapter 9. (c) Zollinger, H. In Diazo Chemistry II. Aliphatic, Inorganic, and Organometallic
Compounds; VCH: New York, 1995; pp 344-358. (d) Meier, H.; Zeller, K.-P. Angew. Chem. Int. Ed. 1975, 14, 32.
intermediate vinylcyclobutenone to the desired product because colored material deposited on
the inner walls of the reaction vessel reduces the efficiency of the photolysis.
Both of our benzannulation protocols have been applied to the total synthesis of natural
products as illustrated with the following two examples. 54 Smith55 assembled resorcinol 77 via
the benzannulation of cyclobutenone 75 and siloxyacetylene 76. This resorcinol was further
elaborated in four steps to the C2 symmetric natural product (-)-cylindrocyclophane F.
.'p
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69%
(I-Pr)3S
(-)-cylindrocyclophane F (75)
The tricyclic core of salvilenone was synthesized in one step via the "second-generation"
benzannulation in good yield (eq 2 2 ).54 g The total synthesis was completed in another three steps
to give the final tetracyclic structure.
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54 For total syntheses based on the benzannulation completed in the Danheiser laboratory, see: (a) Grifolin: ref 39a.
(b) Mycophenolic Acid: Danheiser, R. L.; Gee, S. K.; Perez, J. J. J. Am. Chem. Soc. 1986, 108, 806. (c) Maesanin:
Danheiser, R. L.; Cha, D. C. Tetrahedron Lett. 1990, 31, 1527. (d) Hyellazole: ref 39c. (e) Dan Shen diterpenoid
quinones: Danheiser, R. L.; Casebier, D. S.; Loebach, J. L. Tetrahedron Lett. 1992, 33, 1149. (f) Aegyptinones A
and B: Danheiser, R. L.; Casebier, D. S.; Huboux, A. H. J. Org. Chem. 1994, 59, 4844. (g) Salvilenone: Danheiser,
R. L.; Helgason, A. L. J. Am. Chem. Soc. 1994, 116, 9471. (h) Bergapten: Danheiser, R. L.; Trova, M. P. Synlett
1995, 573. (i) Diterpenoid quinones: Danheiser, R. L.; Casebier, D. S.; Firooznia, F. J. Org. Chem. 1995, 60, 8341.
(j) Ascochlorin: ref 52.
" Smith, A. B., III; Adams, C. M.; Kozmin, S. A.; Paone, D. V. J. Am. Chem. Soc. 2001, 123, 5925.
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Important Mechanistic Considerations
As shown in Scheme 8, two stereoisomeric forms of the vinylketene intermediate (84 and
85) can result from the electrocyclic opening of the vinylcyclobutenone intermediate 83,
depending on whether the rotation of the vinyl substituent is outward (path a) or inward (path b).
Only isomer 85 is able to cyclize to the desired aromatic product. Calculations by Houk 56
showed that under thermal conditions, outward rotation of a C-4 donor substituent and inward
rotation of a C-4 acceptor substituent are favored. This preference for one mode of rotation over
another in electrocyclic ring opening reactions is called torquoselectivity.
Scheme 8
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Experiments have shown that the torquoselectivity of the electrocyclic ring opening of
cyclobutenones is reversed under photochemical conditions. 57' 58 One example is shown in
Scheme 9. The ring opening of cyclobutenone 87 under thermal and photochemical conditions
proceeds through different reaction pathways to give stereoisomeric products..
56 Niwayama, S.; Kallel, E. A.; Sheu, C.; Houk, K. N. J. Org. Chem. 1996, 61, 2517.
57 Baldwin, J. E.; McDaniel, B. L. J. Am. Chem. Soc. 1968, 90, 6118.58 Foland, L. D.; Karlsson, J. O.; Perri, S. T.; Schwabe, R.; Xu, S. L.; Patil, S.; Moore, H. W. J. Am. Chem. Soc.
1989, 111, 975.
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In the context of our benzannulation reaction (Scheme 8), it is of interest to note that of
the two C-4 substituents, the vinyl or aryl substituent in 83 is predicted to be a slightly stronger
donor group than the R' group, which is usually a hydrogen atom or alkyl group.. This suggests
that the undesired stereoisomer 84 may be slightly favored in the thermal cyclobutenone ring
opening. The fact that most of our benzannulation reactions proceed in good yield can be
explained by the reversibility of the ring opening. Thus, the undesired stereoisomer can revert to
cyclobutenone 83, which eventually undergoes the desired reaction via opening to the minor
dienylketene 85.
In some cases the intermediate dienylketene of type 84 can undergo alternative reactions
rather than revert to cyclobutenone. For example, Moore reported that thermolysis of 4-allyl-4-
arylcyclobutenones of type 92 gives mixtures of two products, naphthol 94 from the usual
pericyclic cascade and cyclobutanone 96 from [2 + 2] cycloaddition of intermediate 95 as shown
in Scheme 10. 59 The ratio of the two products varies from 82:12 to 28:72 depending on the
substitution on the starting material 92.
59 Tiedemann, R.; Turnbull, P.; Moore, H. W. J. Org. Chem. 1999, 64, 4030.
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The steric and electronic nature of substituents can interfere with the desired 6
electrocyclic closure of dienylketenes of type 85.60, 6 1  Moore reported one case of such a
problematic reaction. Cyclobutenone 97 was found to afford only lactone 100 upon thermolysis
(Scheme 11).. This product is likely formed from the disfavored vinylketene stereoisomer 99.
Moore proposed that isomer 98 is formed initially as the favored isomer, but 6 electrocyclic
closure is severely hindered by the two ortho methyl groups on the phenyl ring, and consequently
electrocyclic closure to reform 97 occurs followed by ring opening to isomer 99 that cyclizes to
lactone 100.
60 Moore, H. W.; Perri, S. T. J. Org. Chem. 1988, 53, 996.
61 Liu, F.; Liebeskind, L. S. J. Org. Chem. 1998, 63, 2835.
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Ynamines as Ketenophiles in the Benzannulation Strategy
The first stage in the new strategy for the synthesis of indoles that we sought to develop
involved the extension of our previous benzannulation method to ynamine derivatives as the
alkyne component.62 The reaction of ynamines themselves had been examined briefly during the
initial development of the benzannulation. For example, ynamine 102 was found to react with
trisubstituted cyclobutenone 101 at 160 oC to give hexasubstituted aniline derivative 103 in
excellent yield (eq 23).39a The same ynamine also reacts with cyclobutenone 65 under similar
conditions to give aniline 104. However, in this case allenamide 105 was identified as a
byproduct of the reaction. 63 The formation of the allenamide can be eliminated by performing
the reaction at a lower temperature to first form vinylcyclobutenone 106, which is then isolated
and subjected to further heating to produce aniline 104 (Scheme 12).
m,- _ Hex
(23)
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Et Me NMe 2 83%
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62 For recent reviews of the synthesis and use of ynamines, see: (a) Witulski, B.; Alayrac, C. In Science of Synthesis;
de Meijere, A., Ed.; Thieme: Stuttgart, 2005; Vol 24, pp 1007-1030. (b) Zificsak, C. A.; Mulder, J. A.; Hsung, R. P.;
Rameshkumar, C.; Wei, L.-L. Tetrahedron 2001, 57, 7575.
63 Gee, S. K. Annulation Approaches to Cyclooctanes and Aromatic Compounds. Ph.D. Thesis, Massachusetts
Institute of Technology, Cambridge, MA, February, 1984.
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In a photochemical reaction, ynamine 108 and cyclobutenone 107 react to give the
desired product 109 along with a small amount of an unusual byproduct 110 (eq 24)..
Benzannulation reactions of ynamines with cyclobutenones bearing chloro substituents at C-4
and with various diazo ketones have been investigated in our laboratory. However, these
reactions proceeded in poor yield or resulted in decomposition.
o Et
Bu N Me2
107 108
hv
toluene, rt, 39 h
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Bu NMe 2
109 41%
Alternative Pathways in the Reaction of Ynamines and Ketenes
The formation of allenamides via the reaction of ynamines with ketenes has been
observed previously. 64 One explanation for the formation of allenamide products has been
proposed by Ghosez and involves a polar mechanism. 64b The exceptionally high nucleophilicity
of ynamines compared to other alkynes was proposed to result in nucleophilic addition to the
64 For examples, see: (a) Kuehne, M. E.; Sheeran, P. J. J. Org. Chem. 1968, 33, 4406. (b) Delaunois, M.; Ghosez, L.
Angew. Chem. Int. Ed. 1969, 8, 72. (c) Ficini, J.; Pouliquen, J. Tetrahedron Lett. 1972, 12, 1135. (d) Himbert, G.
Liebigs Ann. Chem. 1979, 829. (e) Henn, L.; Himbert, G. Chem. Ber. 1981, 114, 1015. (f) Himbert, G.; Henn, L. Z.
Naturforsch., B: Chem. Sci. 1981, 36, 218. (g) Himbert, G.; Henn, L. Liebigs Ann. Chem. 1984, 1358. (h) D6tz, K.
H.; Miihlemeier, J.; Trenkle, B. J. Organomet. Chem. 1985, 289, 257. (i) Henn, L.; Himbert, G.; Diehl, K.; Kaftory,
M. Chem. Ber. 1986, 119, 1953. (j) Himbert, G.; Henn, L. Liebigs Ann. Chem. 1987, 771. (k) Barbaro, G.; Battaglia,
A.; Giorgianni, P. J. Org. Chem. 1987, 52, 3289. (1) Schulte, N.; M6ller, M. H.; Rodewald, U.; Wirthwein, E.-U.
Chem. Ber. 1994, 127, 1287.
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ketene to generate a zwitterionic intermediate (112) in preference to the normal concerted or
asynchronous concerted [2 + 2] cycloaddition. Cyclization at either carbon or oxygen in 112
then yields cyclobutenone 115 or oxete 113. The oxete is not stable and undergoes 47n
electrocyclic cleavage to produce the allenamide 114 (Scheme 13). In some cases a mixture of
the cyclobutenone and the allenamide is formed (eq 2 5 ).64b
Scheme 13
R = Ph 95% O Ph
Ph NE t2
S R
+ IIII
Ph Ph NEt2
46 111a R= I
111b R = M
O R
Ph lEt 2
112a R = Ph
e 112b R = Me
115
Ph Ph Ph
R= Me Ph - Me 96% P
NEt 2  Et2NOC Me
113 114
9Ph
+H H
NEt2
116 111a
Et20
- 50 OC--rt PhEt2N
Et2N
117 78%
H H
Et2NOC Me
1189%
In the context of our benzannulation results, the formation of the minor allenamide
byproduct 105 (Scheme 12) can be explained by electrocyclic opening of an oxete of type 113.
For the unusual byproduct 110 shown in eq 24, several possible pathways invoking the
intermediacy of allenamide 119 can be envisioned, one of which is shown below. Conjugate
addition of ynamine 108 to allenamide 119 gives zwitterion 120, which then cyclizes to the
observed byproduct.
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If a polar stepwise mechanism were followed in our benzannulation, then it is possible
that different regioisomeric products could result. In Scheme 14, the top line shows how the
zwitterion 124 can follow our normal pathway by closing at C-a to form cyclobutenone 125
which would then go on to produce the "normal" regioisomer 126. However, zwitterion 124 can
also cyclize at C-b to give six-membered ring product 128 that would rapidly tautomerize to
aniline 129 with a different substitution pattern as highlighted by the circled substituents.
Allenamide 127 could be a possible byproduct of the same reaction.
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A recent report by Wentrup suggests that zwitterions of type 112 (Scheme 13) may not be
intermediates in [2 + 2] cycloadditions of electron-rich acetylenes with ketenes.65 Instead,
Wentrup suggests that an asynchronous concerted cycloaddition with either the C=C or C=O
portion of ketene may take place to directly afford cyclobutenones and oxetes, respectively. The
energies for the reaction of ketene with several terminal acetylenes to produce cyclobutenones
and allenamides were calculated in this study. The results for dimethylaminoethyne and
methoxyethyne are relevant to our study. As shown in Table 1 and Figure 1,66 the activation
barriers for the cycloadditions of dimethylaminoethyne with ketene to give the cyclobutenone
and the oxete are similar and much lower than for methoxyethyne. The reaction of
65 Koch, R.; Wentrup, C. Org. Biomol. Chem. 2004, 2, 195.
66 The calculation results of Wentrup were reported in kJ/mol. The values are converted to kcal/mol by the formula
1 cal = 4.184 J for the present discussion.
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methoxyethyne with ketene has a stronger preference to give the cyclobutenone, while reaction
of the ynamine is predicted to give a mixture of the two products at room temperature. Under
these conditions the oxete is predicted to readily undergo ring opening to the allenamide. These
calculations agree with the experimental results of Ghosez shown in eq 25.
If these asynchronous concerted cycloaddition pathways were operative in our
benzannulation, then the alternative regioisomer 129 would not be expected to form. However,
the allenamide byproduct could still form via an intermediate oxete [2 + 2] cycloadduct.
Table 1. Calculated Activation Energies for Reactions of Dimethylaminoethyne and Methoxyethyne with
Ketene65,66
AGt (kcal/mol)
X = NMe 2 X = OMe
Formation of 10.8 22.0
Formation of - 10.3 26.3
X
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Figure 1. Relative energies of calculated reactions of dimethylaminoethyne and methoxyethyne with ketene.65' 66
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An Unusual Mode of Reaction between Ynamines and Cyclobutenones
Ficini has observed an interesting mode of reactivity of ynamines with cyclobutenones
(Scheme 15).67 Vinylcyclobutenones were isolated from the reactions of ynamines 131 and 134
with cyclobutenone 130 at -50 oC and 25 "C, respectively. Structures 133 and 135 were
proposed for these products. The proposed mechanism for the formation of 133 begins with a
stepwise polar [2 + 2] cycloaddition between ynamine 131 and 130 to give
bicyclo[2.2.0]hexenone 132, which then rearranges in the manner shown in Scheme 15 to give
the indicated vinylcyclobutenone 133. When ynamine 131 was added to cyclobutenone 130 at
80 oC, cyclobutenone 138 was isolated in 75% yield. Compounds 133 and 138 have almost
identical spectroscopic characteristics except for the markedly different 1H chemical shifts (CCl4,
250 MHz) for the methyl groups labeled a and a' in Scheme 15. Thermolysis of 135 gave phenol
136, via ring opening of 135 followed by 6-electron electrocyclic closure of the dienylketene
formed. The substitution pattern of 136 was confirmed by an independent synthesis via a
different route starting from a cyclohexane-1,3-dione derivative. Ficini did not offer any
explanation on how the observed desilylation occurs during the transformation from 135 to 136.
One possible mechanism involves a C-+O silyl migration observed in benzannulation reactions
involving similar silyl substituted dienylketene intermediates at temperatures ranging from 25 "C
to 165 oC.40,68 Desilylation of the resulting silyl ether may then occur during purification, the
details of which were unfortunately not given in Ficini's publication.
If the pathway observed by Ficini were to occur in our benzannulation, product 140
would arise with the scramble of groups shown by the squares (Scheme 16). This regioisomer of
the expected "normal" benzannulation product 126 is different from the alternate regioisomer
129 that would arise via zwitterion 124 (Scheme 14).
67 Ficini, J.; Falou, S.; D'Angelo, J. Tetrahedron Lett. 1977, 18, 1931.68 See ref 18 cited in ref 40b.
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Synthesis of Ynamides
The previous section outlined possible complications associated with using ynamines as
the ketenophile in our benzannulation, including the formation of byproducts, the possibility of
ambiguous regioselectivity, and unsatisfactory reactivity in certain cases. Ynamines are also
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prone to hydrolysis and polymerization because of their highly electron-rich ar system, and
purification and storage of these compounds is often difficult.
The last decade has seen increased interest in the synthesis and use of ynamides, 69' 70
which are a subclass of ynamines carrying electron-withdrawing substituents on the nitrogen
atom. The electron-withdrawing groups reduce the electron density on the alkyne system. As a
result, ynamides are stable to silica gel chromatography and prolonged storage. A number of
strategies for the efficient synthesis of ynamides have been developed and will be discussed
below.
Alkynylation ofAmide Derivatives
One of the first methods for the practical synthesis of ynamides involved the addition of
metalated amides to alkynyl(phenyl)iodonium salts. 7 1 Stang72 and Feldman73 initially reported
the synthesis of "push-pull" ynamines and ynamides via the addition of lithium salts of amines
and amides, respectively, to alkynyl(phenyl)iodonium salts substituted with an electron-
withdrawing group on the alkynyl carbon. Witulski74 extended the scope of these reactions to
include the synthesis of ynamides substituted with hydrogen, trimethylsilyl, and phenyl groups
on the alkynyl carbon. In the reaction mechanism, the nucleophile first attacks the n-carbon of
the iodonium salt (142) to give an alkylidenecarbene (144) after a-elimination (eq 27).
Rearrangement involving migration of the Z group then produces the alkyne product 145.
Unfortunately, this method is quite limited with respect to the Z group, due to the low migratory
aptitude of many Z groups including alkyl groups. As a result, side reactions including carbene
69 For recent reviews of the synthesis and chemistry of ynamides, see: (a) Witulski, B.; Alayrac, C. In Science of
Synthesis; de Meijere, A., Ed.; Thieme: Stuttgart, 2005; Vol 24, pp 1031-1058. (b) Tracey, M. R.; Hsung, R. P.;
Antoline, J.; Kurtz, K. C. M.; Shen, L.; Slafer, B. W.; Zhang, Y. In In Science ofSynthesis;Weinreb, S. M., Ed.;
Thieme: Stuttgart, 2005; Vol 21, pp 404-415. (c) Mulder, J. A.; Kurtz, K. C. M.; Hsung, R. P. Synlett 2003, 1379. (d)
Ref 62b.
70 For selected recent applications of ynamides, see: (a) Kohnen, A. L.; Mak, X. Y.; Lam, T. Y.; Dunetz, J. R.;
Danheiser, R. L. Tetrahedron 2006, 62, 3815. (b) Couty, S.; Meyer, C.; Cossy, J. Angew. Chem. Int. Ed. 2006, 45,
6726. (c) Oppilliart, S.; Mousseau, G.; Zhang, L.; Jia, G.; Thu6ry, P.; Rousseau, B.; Cintrat, J.-C. Tetrahedron 2007,
63, 8094. (d) Oppenheimer, J.; Johnson, W. L.; Tracey, M. R.; Hsung, R. P.; Yao, P.-Y.; Liu, R.; Zhao, K. Org. Lett.
2007, 9, 2361. (e) Al-Rashid, Z. F.; Hsung, R. P. Org. Lett. 2008, 10, 661. (f) Istrate, F. M.; Buzas, A. K.; Jurberg, I.
D.; Odabachian, Y.; Gagosz, F. Org. Lett. 2008, 10, 925.
71 For recent reviews of the synthesis and chemistry of alkynyl(phenyl)iodonium salts, see: (a) Stang, P. J. In
Modern Acetylene Chemistry; Stang, P. J., Diederich, F., Eds.; VCH: Weinheim, 1995; pp 67-98. (b) Zhdankin, V.
V.; Stang, P. J. Chem. Rev. 2002, 102, 2523. (c) Zhdankin, V. V.; Stang, P. J. Tetrahedron 1998, 54, 10927.
72 Murch, P.; Williamson, B. L.; Stang, P. J. Synthesis 1994, 1255.
73 Feldman, K. S.; Bruendl, M. M.; Schildknegt, K.; Bohnstedt, A. C. J. Org. Chem. 1996, 61, 5440.74 For seminal publication, see: Witulski, B.; Stengel, T. Angew. Chem. Int. Ed. 1998, 37, 489.
insertion can occur to give alternate products. Generally only alkynes where Z is Ar, H, or SiR3
are suitable for this ynamide synthesis.
R
N-Li + Z I-
EWG Ph EWG-N I-Ph
R
14 A 43 A
Z -
EWG-N
R144
144
EWqG
,N - Z
R
145
Z = H, SiR3, Ar
Sulfonamides are the most common nucleophiles used in these syntheses. Examples
involving oxazolidinones 75 and benzamides 76 have also been reported. It is also interesting to
note two reports77 of the synthesis of ynamides bearing two electron-withdrawing groups on the
nitrogen atom (eq 28). However, acetamides 78 and acyclic carbamates 79 have been found to
show very low or no reactivity when their metalated forms were reacted with
alkynyl(phenyl)iodonium salts.
LiHMDS or KHMDS, toluene
then Z -- IPh OTf
t-BuO2C,
N -Z
EWG
146a (EWG = Ts)
146b (EWG = CO 2t-Bu)
146c (EWG = COt-Bu)
0 OC - rt 147a (EWG = Ts, Z = H, 84%)
147b (EWG = CO 2 t-Bu, Z = SiMe3 , 51%)
147c (EWG = COt-Bu, Z = Sit-BuMe 2, 27%)
Taking inspiration from the work on metal-catalyzed amination and amidation of ary 80 '81
and vinyl halides,82 in particular recent studies on amidation by Buchwald,83' 84 the laboratory of
75 Naud, S.; Cintrat, J.-C. Synlett 2003, 1391.
76 For example, see: Couty, S.; Liegault, B.; Meyer, C.; Cossy, J. Tetrahedron 2006, 62, 3882.
77 (a) Witulski, B.; G6Bmann, M. Synlett 2000, 1793. (b) Hashmi, A. S. K.; Salath6, R.; Frey, W. Synlett 2007, 1763.
78 Witulski, B.; G6Bmann, M. Chem. Commun. 1999, 1879.
79 Dunetz, J. R.; Danheiser, R. L. Org. Lett. 2003, 5, 4011.
80 For reviews of palladium-catalyzed C-N bond formation, see: (a) Schlummer, B.; Scholz, U. Adv. Synth. Catal.
2004, 346, 1599. (b) Muci, A. R.; Buchwald, S. L. Top. Curr. Chem. 2002, 219, 131. (c) Hartwig, J. F. In Handbook
of Organopalladium Chemistry for Organic Synthesis: Negishi, E., Ed.; Wiley-Interscience: New York, 2002; Vol.
A, pp 1051-1096. (d) Yang, B. H.; Buchwald, S. L. J. Organomet. Chem. 1999, 576, 125.
81 (a) For a review of classic copper-mediated amination (Ullmann reaction) and amidation (Goldberg reaction) of
aryl halides, see: Lindley, J. Tetrahedron 1984, 40, 1433. (b) For reviews of copper-catalyzed C-N bond formation,
see: Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337. (c) Kunz, K.; Scholz, U.; Ganzer, D.
Synlett 2003, 2428. (d) Ley, S. V.; Thomas, A. W. Angew. Chem. Int. Ed. 2003, 42, 5400.
82 For a review of metal-catalyzed enamine and enamide syntheses, see: Dehli, J. R.; Legros, J.; Bolm, C. Chem.
Commun. 2005, 973.
(27)
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Danheiser and that of Hsung independently examined a more general method of ynamide
synthesis that employs copper-mediated amidation of alkynyl halides.
Our laboratory initially reported a copper-mediated N-alkynylation strategy for the
synthesis of ynamides in 2003.. This was then followed by a slightly modified version.8 5 In the
optimized protocol, stoichiometric copper amide is first generated by deprotonation with a strong
base (KHMDS), followed by treatment with CuI. Slow addition of a slight excess of the alkynyl
halide and reaction at room temperature in a 3:1 mixture of THF:pyridine provides the ynamide.
During early studies, reaction of carbamates with 1-bromo-2-phenylacetylene using palladium
and copper catalyst systems previously employed in N-arylation and N-vinylation was found to
provide mainly homocoupled products of the haloacetylene. The pre-formation of the copper
amide maximizes the efficiency of the desired C-N bond formation. Unfortunately,
homocoupling still occurs as a side reaction and in some cases up to two equivalents of the
alkynyl halide must be used to compensate for loss in this undesired pathway.
The mechanism of this reaction is believed to involve insertion of the Cu(I) amide 148 in
the alkynyl halide to form a Cu(III) intermediate (150), which then undergoes reductive
elimination to give the ynamide (eq 29). A range of acyclic carbamates, acyclic sulfonamides,
oxazolidinones, and cyclic ureas react to give ynamides in moderate to good yield. However,
simple amides such as acetamides and benzamides do not react to give the desired products.
With regard to the haloacetylene component, a wide range of alkynyl bromides are viable
substrates, and in some cases alkynyl iodides also react well. Sensitive functionality such as
diynes and enynes is tolerated because the reaction is conducted at room temperature. For
example, ynamide 154 with a conjugated enyne was synthesized in good yield (eq 30). This is
an advantage compared to other methods that require heating (vide infra).
83 For an overview of palladium-catalyzed amidations developed by Buchwald, see: (a) Yin, J.; Buchwald, S. L. Org.
Lett. 2000, 2, 1101. (b) Yin, J.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 6043. (c) Huang, X.; Anderson, K. W.;
Zim, D.; Jiang, L.; Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125, 6653. (d) Ikawa, T.; Barder, T. E.;
Biscoe, M. R.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 13001.
84 For an overview of copper-catalyzed amidations developed by Buchwald, see: (a) Klapars, A.; Antilla, J. C.;
Huang, S.; Buchwald, S. L. J. Am. Chem. Soc. 2001, 123, 7727. (b) Klapers, A.; Huang, X.; Buchwald, S. L. J. Am.
Chem. Soc. 2002, 124, 7421. (c) Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, S. L. Org. Lett. 2003, 5, 3667. (d)
Strieter, E. F.; Blackmond, D. G.; Buchwald, S. L. J. Am. Chem. Soc. 2005, 127, 4120.85 Kohnen, A. L.; Dunetz, J. R.; Danheiser, R. L. Org. Synth. 2007, 84, 88.
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Concurrent with these studies, Hsung published a series of papers on a copper-catalyzed
N-alkynylation route to ynamides. 86 Their initial report in 2003 provided a catalyst system with
limited scope with respect to the nitrogen nucleophiles. An improved system was soon reported.
In this "second-generation" protocol, an amide derivative is reacted with a slight excess of an
alkynyl bromide under the action of catalytic copper sulfate hydrate and 1,10-phenanthroline in
the presence of an inorganic base at 65-90 OC. A typical reaction is shown in eq 31. Applicable
nucleophiles include acyclic sulfonamides, oxazolidinones, cyclic ureas, lactams, and acyclic
carbamates. Acetamides and benzamides couple well under these conditions with 1-bromo-2-
triisopropylsilylacetylene to provide silyl ynamides. However, these amides do not react with
haloacetylenes bearing other substituents including phenyl and hexyl groups. No homocompling
of the bromoacetylene was observed using the optimal system. It is important to note that the
right choice of base can be essential for a successful reaction involving certain amides. In
particular, sulfonamides require K2C0 3 as the base, whereas for acyclic carbamates and simple
amides only K3PO 4 provides good results.
Ph -\ Br 20 mol% Ph--
TNH + 10 mol% CuSO4*5H20 TsN (31
Ts OSit-BuMe 2  OSit-BuMe (31)
2 equiv K2CO3 157
toluene 65 OC 75%(1.1 equiv)
86 (a) Frederick, M. O.; Mulder, J. A.; Tracey, M. R.; Hsung, R. P.; Huang, J.; Kurtz, K. C. M.; Shen, L.; Douglas, C.
J. J. Am. Chem. Soc. 2003, 125, 2368. (b) Zhang, Y.; Hsung, R. P.; Tracey, M. R.; Kurtz, K. C. M.; Vera, E. L. Org.
Lett. 2004, 6, 1151. (c) Zhang, X.; Zhang, Y.; Huang, J.; Hsung, R. P.; Kurtz, K. C. M.; Oppenheimer, J.; Petersen,
M. E.; Sagamanova, I. K.; Shen, L.; Tracey, M. R. J. Org. Chem. 2006, 71, 4170. (d) Sagamanova, I. K.; Kurtz, K.
C. M.; Hsung, R. P. Org. Synth. 2007, 84, 359.
In 2005, Tam published an alternative N-alkynylation protocol87 based on elements from
both the procedures of Danheiser and Hsung described above. In this variant, a mixture of an
amide derivative, a bromoacetylene, and catalytic CuI and 1,10-phenanthroline in toluene at 90
OC is treated with a strong base (KHMDS) added over several hours. Tam was motivated to
introduce these modifications because he was unable to reproduce results previously reported by
both our group and that of Hsung. Subsequent investigations in our laboratory revealed that the
use of freshly distilled pyridine is essential for obtaining reproducible results. In particular, wet
pyridine can be detrimental to the results of our N-alkynylation reaction. 7 a,' 85 Hsung also
reported that Tam's difficulties can be attributed to the use of K2CO3 as the base for the coupling
of acyclic carbamates.86c The suitable base for these substrates using Husng's "second-
generation" protocol is K3P0 4 .
Recently, Stahl reported a new method for the synthesis of ynamides involving the
copper-catalyzed aerobic oxidative amidation of terminal alkynes.88  These reactions employ
catalytic copper(II) chloride in the presence of pyridine and sodium carbonate under an oxygen
atmosphere at 70 oC to effect the C-N bond formation. A range of sulfonamides, 3-acylindoles,
oxazolidinones, and cyclic ureas were coupled successfully with various terminal alkynes in
good to excellent yield. One example is shown below. However, five equivalents of the amide
derivative are required to give satisfactory results and no examples of acyclic carbamates were
reported. Nonetheless, because the haloacetylenes used in the Danheiser and Hsung procedures
are usually synthesized from terminal alkynes (vide infra), Stahl's method represents an attractive
alternative that can save one synthetic step in cases where the amide starting material is
inexpensive and readily available.
20 mol% CuCI 2
Me% H-- 2 equiv pyridine Me
,NH + 2 equiv Na2 CO3  Ts (32)
Ts OSit-BuMe 2  02 (1 atm), toluene, 70 °C OSit-BuMe 2
158 159 77% 160
(5.0 equiv)
87 Riddell, N.; Villeneuve, K.; Tam, W. Org. Lett. 2005, 7, 3681.88 Hamada, T.; Ye, X.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 833.
Elaboration of Terminal Ynamides
Alkylation and metal-catalyzed coupling reactions involving terminal ynamides are
valuable methods to access families of ynamides bearing a wide range of substituents on the
alkynyl carbon. Terminal ynamides can be generated easily by a two-step sequence involving N-
alkynylation of a 1-halo-2-trialkylsilylacetylene followed by desilylation. Both reactions
usually proceed in high yield. Alternatively, reactions involving alkynyl(phenyl)iodonium salts
can provide terminal ynamides directly (e.g., 147a in eq 28).
Several research groups have reported the alkylation of terminal ynamides with alkyl
halides. For example, Hsung deprotonated ynamide 161 with a strong base (LiHMDS) and then
trapped the lithium acetylide with methyl iodide to produce ynamide 162 (eq 33).86a Terminal
ynamides derived from sulfonamides89 and benzamides 90 have also been used as substrates in
this type of alkylation.
O N LiHMDS, THF, -78 "C--45 *C
H O_ N- -- Me (33)
then Mel, -450C->rt
/ 59% Ph
Ph Ph
161 162
The reactivity of terminal ynamides as the alkyne component in the Sonogashira reaction
has been investigated.91 Hsung found optimal conditions for oxazolidinone and sulfonamide
derived ynamides to participate in these coupling reactions with a range of aryl iodides, a bromo
alkyne (one example), and two vinyl iodides (two cases). However, these latter cases proceeded
in poor to moderate yield (vide infra), and vinyl bromides were reported to react even more
poorly.
Another approach to metalated terminal ynamides is via the elimination of D,P-
dichloroenamides 163, which can be synthesized in two steps from the corresponding
sulfonamides. 92 Sad reported the generation of alkynylzinc reagents 164 followed by Negishi
89 (a) Witulski, B.; Lumtscher, J.; BergstraiBer, U. Synlett 2003, 708. (b) Witulski, B.; Alayrac, C.; Tevzadze-Saeftel,
L. Angew. Chem. Int. Ed. 2003, 42, 4257.
90 Marion, F.; Coulomb, J.; Servais, A.; Courillon, C.; Fensterbank, L.; Malacria, M. Tetrahedron 2006, 62, 3856.
91 Tracey, M. R.; Zhang, Y.; Frederick, M. O.; Mulder, J. A.; Hsung, R. P. Org. Lett. 2004, 6, 2209.92 Briickner, D. Synlett 2000, 1402.
coupling to give aryl ynamides 165,93 as well as formation of alkynyllithium reagents 166 that
are then trapped by soft electrophiles to provide mainly "push-pull" ynamides 167. 94
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[2 + 2] Cycloadditions of Ynamides with Ketenes
Given the ease of access to ynamides with a wide range of substituents, it became
apparent that the application of ynamides as ketenophiles in our benzannulation reaction could
open the door to a variety of highly-substituted anilines. Moreover, we envisioned that the
electron-withdrawing groups on the nitrogen atom of ynamides would attenuate the
nucleophilicity of the amino alkyne and suppress the previously discussed side reactions
associated with ynamines. To examine the behavior of ynamides in simpler reaction systems, we
undertook a study on [2 + 2] cycloadditions of ynamides with ketenes. 70a
It was found that ynamide 168 reacts smoothly with a range of ketenes, including
aldoketenes and ketoketenes, to give 3-aminocyclobutenones regioselectively (eq 34). Using
ketene as a probe, successful cycloadditions with ynamides carrying a range of substituents
including conjugated and non-conjugated olefins were demonstrated. The activated alkynes
react preferentially over the alkenes in those examples. In all of the reactions no allenamide
byproducts were detected.
93 Rodriguez, D.; Castedo, L.; Sad, C. Synlett 2004, 783.
94 Rodriguez, D.; Martinez-Esper6n, M. F.; Castedo, L.; Sad, C. Synlett 2007, 1963.
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As part of this study, I examined the relative reactivity of ynamide 168 and alkynyl ether
171 with ketene. In a competition experiment, a solution of equal amounts of the two alkynes
was treated with excess ketene in the presence of 1,4-dibromobenzene as an internal standard (eq
35). As shown in Figure 2, analysis of aliquots by 'H NMR indicated that the ynamide reacts
with ketene at a similar but slightly lower rate as compared to the ethoxyacetylene. These results
suggest that ynamides are more similar to alkoxy alkynes than to ynamines with regard to
reactivity with ketenes.
Hex Hex
II + III
N, OEt
Me" ' C 2 Me
168 171
100
80
eHxcess
H 116
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Figure 2. Comparison of rate of [2 + 2] cycloaddition of ketene with 1-ethoxyoctyne (171) and ynamide 168 in
benzene-d6 at 25 oC.
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Preliminary Studies on Benzannulations with Ynamides as Ketenophiles
Prior to the work in this thesis, former group member Aimee Crombie carried out initial
studies on the benzannulation using ynamides as the alkyne component.95 The feasibility of this
new variant of our benzannulation was explored using cyclobutenone 107 and ynamide 168.
Aniline 174 was successfully synthesized under thermal, photochemical and microwave
conditions (eq 36).
Hex
II
Me" NCO2Me
168
OH
Hex
Bu N 
Me
CO2Me174
Conditions
benzene 80 oC 24 h;
5 M KOH, MeOH, A
1.5 equiv ynamide
toluene hv (254 nm) 14 h
toluene lv 30 min
Aimee performed further studies employing ynamides that carry alkenyl substituents in
order to achieve a tandem benzannulation-ring closing metathesis sequence for the synthesis of
highly-substituted nitrogen heterocycles. Concurrent with the research that will be described in
Part II of this thesis, Xiao Yin Mak studied the scope of this tandem approach to polycyclic
nitrogen heterocycles. For example, Xiao Yin assembled benzazocine 179 in two steps starting
from cyclobutenone 175 and ynamide 176 (eq 37). Xiao Yin also applied this strategy in a
formal synthesis of natural product FR-900482.
175 CHCI3 , 150 "C, 16.5 h;
then 5M KOH, MeOH, A
+
OH
5 mol% 178, CH 2CI2
40 "C, 40 min
S 86%MeO N86%
Me CO2Me
177
MeO2C'N
176
OH
eO J (37)
Me CO 2Me
179
95 Crombie, A. L. Annulation Strategies for the Synthesis of Azulenes and Polycyclic Nitrogen Heterocycles. Ph.D.
Thesis, Massachusetts Institute of Technology, Cambridge, MA, May, 2004.
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Summary
Our laboratory has developed a powerful method for the regiocontrolled synthesis of
highly-substituted benzenoid compounds via the benzannulation of vinylketenes generated in situ
with alkynes. Recent advances have allowed easy access to stable nitrogen-substituted alkynes -
ynamides - bearing a wide range of substituents. Ynamides are versatile substrates in [2 + 2]
cycloaddition with ketenes and they are suitable ketenophiles in our benzannulation. Further
extension of these applications to a new tandem benzannulation-cyclization strategy for the
synthesis of highly-substituted indoles will be the focus of Part II of this thesis.
Part II
Results and Discussion
Chapter 1
Preparation of Benzannulation Substrates
The substrates selected for our benzannulation studies can be categorized as vinylketene
precursors and ynamides. The vinylketene precursors, namely cyclobutenones and diazo ketones,
were all previously known compounds and were prepared according to published procedures.
The ynamides were synthesized via the copper-mediated N-alkynylation route developed in our
laboratory and via the elaboration of terminal ynamides.
Synthesis of Cyclobutenones
The cyclobutenones used in our studies were synthesized via [2 + 2] cycloadditions of
alkynes with ketenes 96 and by the elaboration of 3-alkoxycyclobutenones. 3-Butylcyclobutenone
(107) and 3-phenylcyclobutenone were prepared as previously reported by a two-step procedure
developed in our laboratory. 97 In this synthetic sequence, unactivated terminal alkynes react
with dichloroketene to give 4,4-dichloro substituted cyclobutenones, which are then reductively
dechlorinated with zinc or Zn-Ag couple in the presence of TMEDA and AcOH.
The [2 + 2] cycloaddition approach was also used for the synthesis of previously known
compounds 182 and 183 following published procedures. 98  In these reactions, ketene was
bubbled through a solution of an ethoxyacetylene at 0 oC to produce the desired cyclobutenones
(eq 38).99,100,101 Further elaboration of cyclobutenone 183 gave cyclobutenone 69, which was
also previously prepared in our laboratory. 36' 63 Following the published method, 1,2-addition of
96 For reviews of ketene cycloadditions, see: (a) Science ofSynthesis; Danheiser, R. L., Ed.; Thieme: Stuttgart, 2006;
Vol 23. (b) Tidwell, T. T. Ketenes, 2nd ed.; Wiley and Sons: Hoboken, NJ, 2006. (c) Hyatt, J. A.; Raynolds, P. W.
Org. React. 1994, 45, 159.
97 (a) Danheiser, R. L.; Savariar, S. Tetrahedron Lett. 1987, 28, 3299. (b) Danheiser, R. L.; Savariar, S.; Cha, D. D.
Org. Synth. 1990, 68, 32.
98 (a) For 182, see: Wasserman, H. H.; Dehmlow, E. V. Tetrahedron Lett. 1962, 23, 1031. (b) Wasserman, H. H.;
Piper, J. U.; Dehmlow, E. V. J. Org. Chem. 1973, 38, 1451. (c) For 183, see: Ficini, J.; Gent, J. P. Tetrahedron Lett.
1975, 31, 2633. (d) Also see: Rosebeek, B.; Arens, J. F. Recl. Trav. Chim. Pays-Bas 1962, 81, 549.
99 Ketene was generated by the pyrolysis of acetone in a ketene generator, see: Williams, J. W.; Hurd, C. D. J. Org.
Chem. 1940, 5, 122.
100 1-Ethoxypropyne (181) was prepared as previously reported, see: Newman, M. S.; Geib, J. R.; Stalick, W. M.
Org. Prep. Proced. Int. 1972, 4, 89.
101 The purification of cyclobutenone 182 was not optimized.
methyllithium to cyclobutenone 183 followed by acid hydrolysis of the resulting vinylogous
hemiacetal afforded 2,3-dimethylcyclobutenone (69).
H excess
R / =O R
H 116 R) O (38)
OEt CH2CI2 or MeCN EtO0 "C
180 R = H 182 R = H 17% (48% lit. 3 6
181 R = Me 183 R = Me 76% (75% lit.) 36
Me 1.2 equiv MeLi Me
Et 20, -78 OC; g- (39)
10% HCI, 0 *C
EtO Me
183 61-73% (81% lit.)63  69
Liebeskind'0 2 has developed a method for the synthesis of tributylstannylcyclobutenone
184 from 3-ethoxycyclobutenone (182) involving a different mechanism from that of the
formation of cyclobutenone 69 described above. The 1,4-addition of trialkylstannyllithium and
trialkylstannylsodium to a,3-unsaturated ketones is well known.10 3 Liebeskind found that the
tributylstannyl anionic species generated from Me3SiSnBu3104 and catalytic cyanide reacts with
cyclobutenone 182 to give a mixture of the desired cyclobutenone 184 and a ring-opened
compound 186.. Two protocols for the selective generation of either compound were developed
(Scheme 18). The initial conjugate addition of tributylstannyl anion forms intermediate 185, and
in one procedure the addition of AlCl3 at low temperature then facilitates the ionization of the
ethoxy group to give cyclobutenone 184. On the other hand, warming of the crude reaction
mixture to room temperature followed by direct chromatographic purification affords the ring-
opened product 186. The likely mechanism for the formation of 186 is via 4at electrocyclic ring
opening followed by acidic desilylation of the resulting silyl enol ether on silica gel and
tautomerization to the ketone.
102 Liebeskind, L. S.; Stone, G. B.; Zhang, S. J. Org. Chem. 1994, 59, 7917.
103 (a) Still, W. C. J. Am. Chem. Soc. 1977, 99, 4836. (b) Kuivila, H. G.; Lein, G. H., Jr. J. Org. Chem. 1978, 43, 750.
(c) Chenard, B. L.; Laganis, E. D.; Davidson, F.; RajanBabu, T. V. J. Org. Chem. 1985, 50, 3666. (d) Sato, T.;
Watanabe, M.; Watanabe, T.; Onoda, Y.; Murayama, E. J. Org. Chem. 1988, 53, 1894. (e) Enders, D.; Heider, K.-J.;
Raabe, G. Angew. Chem. Int. Ed. 1993, 32, 598. (f) For a review, see: Sato, T. Synthesis 1990, 259.
104 For a review, see: Mori, M.; Isono, N.; Wakamatsu, H. Synlett 1999, 269.
1 .1 equiv Bu3SnSiMe 3
cat. Bu4NCN
THF -78 OC 1 h;
1.0 equiv AlCl3
182 -78 OC -* rt
66% (71% lit.) 10 2
OSiMe 3
Bu3 Sn OEt
185
Bu 3 Sn
184
1.0 equi\
-78 °C -
-78 oC - rt
then SiO 2
EtO
Bu3SnSiMe 3
cat. Bu 4 NCN
We synthesized cyclobutenone 184 according to Liebeskind's protocol without any
difficulty (Scheme 18). Unfortunately, our attempts to extend this procedure to the synthesis of
2-methyl-3-tributylstannylcyclobutenone (187) from cyclobutenone 183 were unsuccessful. The
conditions examined include Liebeskind's standard protocol with A1C13, and without AlC13 at
room temperature and at 40 'C. In all of these reactions, 'H NMR analysis of the crude reaction
mixtures showed a mixture of unreacted cyclobutenone 183 (about 25-40%), unidentified
tributylstannyl derivatives, and byproducts with very simple patterns of proton resonances. The
ring-opened product corresponding to compound 186 was not detected. Purification was
attempted for the reaction conducted at room temperature and only a trace amount of the desired
product was isolated. Further attempts of 1,2-addition and 1,4-addition of Bu 3SnLi were also
unsuccessful.
Me O
EtO
Me 0
BusSn
183
(40)
187
During the course of our studies, we also became interested in the synthesis of 2,3,4-
trialkylcyclobutenones. We envisioned a general approach via a two-step sequence similar to eq
38-39 where an aldoketene would be used as the cycloaddition partner. One well-known
example of [2 + 2] cycloadditions of aldoketenes with alkoxy alkynes is the dimerization of
Scheme 18
AIC13
,rt
Me
EtO SnBu 3
186
ethoxyacetylenes under thermolysis. 105 The acetylene undergoes a thermal retro-ene reaction to
give an aldoketene that then reacts with an unchanged alkyne to give a cyclobutenone. For
example, heating alkyne 181 neat in a sealed tube for 5 h provided cyclobutenone 189 in good
yield (eq 41). However, this method is limited to the synthesis of cyclobutenones bearing
identical substituents at C-2 and C-4. The cycloadditions of ethoxyacetylenes with
dialkylketenes are also well precedented. 10 6
S 140-150 oC Meo" OEt (4
EtO Me (41)
Me H2C=CH2  Me H EtO 
Me
(71% lit.)105 a181 188 189
We chose to examine the reaction of ethylketene (190)107 with 1-methoxypropyne
(191).108 A successful [2 + 2] cycloaddition would produce 2,3,4-trisubstituted cyclobutenone
192 with different groups on C-2 and C-4 (eq 42). Initial attempts involved generation of ketene
190 via the dehydrochlorination of butyryl chloride by Et3N in the presence of a slight excess of
methoxypropyne at 0 oC and at 40 oC. Only trace amounts of 192 were formed while ketene
dimerization was the major reaction. Analogous cycloadditions of dimethylketene (formed from
isobutyryl chloride) with ethoxyacetylenes gave cycloadducts in moderate to good yield.10 6a,~
However, very long reaction times were required for these reactions. The rate of dimerization of
ethylketene, an aldoketene, is apparently much higher than that of dimethylketene, a ketoketene.
Moreover, the presence of triethylamine hydrochloride salts, formed as a byproduct during
ketene formation, is known to accelerate ketene dimerization and polymerization. 96,107 Therefore,
we turned our attention to the formation of ethylketene via dehalogenation of a-bromobutyryl
105 (a) Nieuwenhuis, J.; Arens, J. F. Reel. Trav. Chim. Pays-Bas 1958, 77, 761. (b) The dimerization was first
observed by Ficini, but the original structural assignment of the product was incorrect, see: Ficini, J. Bull. Soc. Chim.
Fr. 1954, 1367.
106 (a) For early work, see: ref 98a. (b) Hasek, R. H.; Gott, P. G.; Martin, J. C. J. Org. Chem. 1964, 29, 2510. (c) ref
98b. (d) McCarney, C. C.; Ward, R. S.; Roberts, D. W. Tetrahedron 1976, 32, 1189. (e) For a recent application, see:
Brand, S.; de Candole, B. C.; Brown, J. A. Org. Lett. 2003, 5, 2343.
107 For a review of alkylketenes, see: Tidwell, T. T. In Science ofSynthesis; Danheiser, R. L., Ed.; Thieme: Stuttgart,
2006; Vol 23, pp 569-678.
108 1-Methoxypropyne (191) was prepared according to the procedure of Newman, see: Newman, M. S.; Geib, J. R.;
Stalick, W. M. Org. Prep. Proced. Int. 1972, 4, 89.
bromide by activated Zn dust.109 In this procedure, a solution of the ketene in THF can be
obtained free from the zinc reagent by vacuum transfer into a receiving flask at -78 OC. Trapping
of ethylketene formed this way by aniline at -78 0C provided the corresponding amide in 69%
yield. However, attempted cycloadditions conducted by addition of an excess of alkyne 191 to
the ketene solution at -78 'C followed by reaction at -78 'C or at room temperature again gave
only trace amounts of the desired cyclobutenone. In principle, the most favorable conditions
would involve continuous addition of the pure ketene to a solution of the ketenophile at an
optimal temperature, but this cycloaddition route was not pursued further.
)Y CI- Eta i
+ Et3N Me OMe Me
S 
ZnOtX 
1 O (42)
Br - Z o  [ Et H MeO Et
190 192Br
Synthesis of Diazo Ketones
There are many available methods for the synthesis of a-diazo ketones. 110 In connection
with the development of the "second-generation" benzannulation protocol, our laboratory
reported an improved synthesis of a',3'-unsaturated a-diazo ketones via detrifluoroacetylative
diazo group transfer."' This method involves initial reaction of the lithium enolate of a ketone
with 2,2,2-trifluoroethyl trifluoroacetate (TFETFA) to give a 1,3-dicarbonyl compound. The
crude product is then treated with methanesulfonyl azide (MsN 3)112 in the presence of Et3N and
water to yield the desired diazo ketone. All diazo ketones used in the current study were known
109 (a) McCarney, C. C.; Ward, R. S. J. Chem. Soc., Perkin Trans. 1 1963, 1600. (b) Calter, M. A. J. Org. Chem.
1996, 61, 8006.
10 For reviews, see: (a) Doyle, M. P.; Mckervey, M. A.; Ye, T. Modern Catalytic Methods for Organic Synthesis
with Diazo Compounds; Wiley and Sons: New York, 1998; Chapter 1. (b) Regitz, M.; Maas, G. Diazo Compounds:
Properties and Synthesis; Academic Press: Orlando, 1986.
1" (a) Danheiser, R. L.; Miller, R. F.; Brisbois, R. G.; Park, S. Z. J. Org. Chem. 1990, 55, 1959. (b) Danheiser, R. L.;
Miller, R. F.; Brisbois, R. G. Org. Synth. 1996, 73, 134.
112 MsN 3 was prepared by the reaction of methanesulfonyl chloride with 1.5 equiv of NaN3 in acetone at rt for 2 h
according to the procedure reported in ref 111a.
compounds that were previously made using this method.39c ', 1 The synthesis of diazo ketone
195 is representative (eq 43)."13
1.05 equiv LiHMDS
THF, -78 °C, 30 min;--0
1.1 equiv TFETFA
-78 °C, 10 min
193
(TFETFA = CF 3 CO2 CH2CF 3)
O O
I CF 3
1.5 equiv MsN 3
1.0 equiv H20
1.5 equiv Et3N
MeCN, rt, 3 h
194 78% over 2 steps
(87% lit)"1
Synthesis of Ynamides
Preparation of Carbamates"14
The carbamates required in the synthesis of the ynamides used in our study were all
previously known. Compounds 196, 197, and 198 were assembled via the N-acylation of a
primary amine following literature procedures."'5 Carbamates 199,116 200,117 and 201"118'19 were
prepared by a different route, namely Curtius rearrangement of the appropriate carboxylic acid
followed by trapping with an alcohol (Table 2).
INH
Me02C
196
Me,
NH
t-BuO2C
197
Ph--
,NH
tB uO2C
198
1 13 Diazo ketone 195 was prepared by Dennis Chung-Yang Huang and Jun Chul Choi for this study. I would like to
thank Dennis and Jun Chul for their assistance.
114 For a review of carbamate synthesis, see: Rossi, L. In Science ofSynthesis; Knight, J. G., Ed.; Thieme: Stuttgart,
2005; Vol 18, pp 461-648.
115 (a) Carbamate 196 was prepared by reaction of 2.05 equiv of allylamine with 1.0 equiv of methyl chloroformate
in CH2C12 (rt, 30 min) according to the procedure of: Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H. J. Am.
Chem. Soc. 2002, 124, 4628. (b) Carbamate 197 was prepared by reaction of methylamine with 1.1 equiv of di-tert-
butyl dicarbonate in THF (rt, 12 h) according to the procedure of: Lee, S. J.; Terrazas, M. S.; Pippel, D. I.; Beak, P. J.
Am. Chem. Soc. 2003, 125, 7307. (c) Carbamate 198 was prepared by Joshua Dunetz via the reaction of
benzylamine with 1.1 equiv of triethylamine and 1.1 equiv of di-tert-butyl dicarbonate in CH2C 2 (rt, 14 h), see ref
79. I would like to thank Josh for providing the material used in this study.
116 Shono, T.; Matsumura, Y.; Uchida, K.; Kobayashi, H. J. Org. Chem. 1985, 50, 3243.
117 Sommer, L. H.; Rockett, J. J. Am. Chem. Soc. 1951, 73, 5130.
118 Kita, Y.; Haruta, J.; Yasuda, H.; Fukunaga, K.; Shirouchi, Y.; Tamura, Y. J. Org. Chem. 1982, 47, 2697.
19 Shaun Fontaine assisted in the preparation of compounds 201, 205, and 207. I would like to thank Shaun for his
help.
N2
195
(43)
Table 2. Synthesis of Carbamates 199, 200, and 201 via Curtius
1-1.05 equiv DPPA
1-1.1 equiv Et3N
O toluene, 80-85 0C, 2 h;
R OH then add 1.2-3 equiv R1OH
65-85 0C, 16-40 h
Rearrangement
H
R N CO2R1
(DPPA =
entry carboxylic acid alcohol carbamate yield (%)P
H
1 MeO CO2H MeOH MeO N Me  52CO2Me
199
MS H
2 e3Si N MeOH 842 Me C02H e  Me3Si CO2Me 84
200
H
3 Ph CO 2H Me3Si NOH PhN N YO SiMe3 68-72
O
201
alIsolated yield of products purified by column chromatography.
Preparation of Haloacetylenes
Haloacetylenes are useful building blocks in organic synthesis. 120 One common approach
to the synthesis of these compounds is the halogenation of terminal alkynes. All bromo alkynes
used in this study were prepared by a general procedure developed by Hofmeister.' 21 Terminal
alkynes are treated with catalytic silver(I) nitrate and a slight excess of N-bromosuccinimide in
acetone at room temperature (eq 44). The alkynyl proton is made more acidic via the
coordination of the silver cation to the n-bond. As a result, deprotonation by nitrate or
succinimide can proceed to give silver acetylides, which are then brominated. Compounds
203122 and 204123 have been previously synthesized by this exact method, whereas the synthesis
120 For reviews of the synthesis and use of haloacetylenes, see: (a) Witulski, B.; Alayrac, C. In Science of Synthesis;
de Meijere, A., Ed.; Thieme: Stuttgart, 2005; Vol 24, pp 905-932. (b) Brandsma, L. Synthesis ofAcetylenes, Allenes,
and Cumulenes: Methods and Techniques; Elsevier: Oxford, 2004. (c) Hopf, H.; Witulski, B. In Modern Acetylene
Chemistry; Stang, P. J., Diederich, F., Eds.; VCH: Weinheim, 1995; pp 33-66.
121 Hofmeister, H.; Annen, K.; Laurent, H.; Wiechert, R. Angew. Chem. Int. Ed. 1984, 23, 727.
122 Villeneuve, K.; Riddell, N.; Jordan, R. W.; Tsui, G. C.; Tam, W. Org. Lett. 2004, 6, 4543.
123 Dunetz, J. R. I. Synthesis of Indolines and Indoles via Intramolecular [4 + 2] Cycloaddition of Ynamides and
Conjugated Enynes; II. Synthesis of Nitrogen Heterocycles in Supercritical Carbon Dioxide. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, September, 2005.
(PhO) 2 PON3)
of alkyne 202 has been reported via silylation of 3-bromo-2-propyn-1-ol. 124 The preparation of
202 and the previously unreported alkyne 205 will be described in Part III of this thesis..
H R
0.1 equivAgNO 3
1.1 equiv NBS
acetone, rt, 0.5-14 h
Br - R (44)
OSit-BuM e 2
Br2 (96%)
202 (96%)
Br-- OSit-BuMe 2
203 (96%)
(76% lit.) 122
Br
204 (32%)
(57% lit.) 1 23
CH(OMe) 2
Br
205 (91-96%)
The terminal alkynes required for our studies were readily available. Allylacetylene is
commercially available, and the terminal acetylene precursors to 202 and 203 were prepared by
silylation of propargyl alcohol and but-3-yn-1-ol, respectively. Alkyne 207, the precursor to 205,
was synthesized from propargyl bromide via formation of the propargyl aluminum agent and
trapping with methyl orthoformate (eq 45). 119,125
H \
Br
206
(1.5 equiv)
1.5 equiv Al
cat. HgCl2 , Et 20, 35 'C, 1h;
1.0 equiv HC(OMe) 3
Et20, -78 
0C, 35 min
63% (73% lit.) 125
CH(OMe) 2 (45)
207
The iodination of TMS-acetylene with N-iodosuccinimide has previously been used for
the preparation of iodo alkyne 209.126 We synthesized alkyne 209 via an alternate approach by
the addition of iodine to the lithium acetylide. The required acetylide was accessed via
deprotonation of the terminal alkyne (eq 46).. For the preparation of 1-iodopropyne (211),127 the
lithium acetylide was generated by reaction of lithium amide with 1,2-dibromopropane in liquid
124 Kuwatani, Y.; Ueda, I. Angew. Chem. Int. Ed. 1995, 34, 1892.
125 Picotin, G.; Miginiac, P. Chem. Ber. 1986, 119, 1735.
126 Amatore, C.; Blart, E.; Genet, J. P.; Jutand, A.; Lemaire-Audoire, S.; Savignac, M. J. Org. Chem. 1995, 60, 6829.
127 Cleveland, F. F.; Murray, M. J. J. Chem. Phys. 1943, 11, 450.
ammonia (eq 47). 128 Elimination of two equivalents of HBr produces propyne, which is
immediately deprotonated in situ to give the lithium acetylide. This acetylide is then trapped
with iodine to give the alkyne 211.
1.05 equiv n-BuLi
1.05 equiv 12
H " SiMe 3  I SiMe 3  (46)
208 THF, -78 OC-rt 209
78% (69% lit.) 123
3.25 equiv LiNH 2 , NH 3(1), -40 oC, 20 min;
Me 1.25 equiv 12, Et 20, -60 °C, 15 min
10I - Me (47)
Br Br 47%
210 211
These haloacetylenes were typically purified by silica gel column chromatography or
distillation. Because haloacetylenes are predisposed to react with oxygenl 20a and some of the
substrates described above are volatile, we routinely stored these alkynes frozen neat or in
benzene at -20 oC under argon.
Synthesis of Ynamides
Most ynamides used in this study were assembled using our copper-mediated N-
alkynylation strategy as described in Chapter 2 of Part I.79,85 The reactions proceeded in
moderate to good yield (Table 3). We made some interesting observations while working on the
synthesis of ynamide 221 (entry 10). The crude reaction mixture from the reaction of carbamate
201 and bromo alkyne 205 contained the desired ynamide 221, both unreacted starting materials,
and two other byproducts, one of which was the usual homocoupling product of the
bromoacetylene.
Interestingly, the second byproduct was identified as the corresponding iodoacetylene
222.129 This iodide has been isolated in about 15-20% yield with respect to the original bromo
128 Brandsma, L. Synthesis ofAcetylenes, Allenes, and Cumulenes: Methods and Techniques; Elsevier: Oxford, 2004;
pp 199-201.
129 Iodoacetylenes have been successfully employed in our N-alkynylation strategy. For examples, see ref 85 and
Table 3, entries 1 and 4 (p 59). However, iodo alkyne 222 did not react efficiently under our standard N-
alkynylation protocol (see Table 4, entry 2, p 60).
alkyne. Similar iodine exchange of 1-bromo-2-phenylacetylene has been reported to occur under
the action of one equivalent of KI and catalytic CuBr in MeCN (room temperature, 96 h,
70%).130 It is possible that small amounts of the corresponding iodo alkynes are also formed in
other cases of our ynamide synthesis, but were not isolated since we do not usually isolate and
characterize all byproducts in these reactions.
130 Abe, H.; Suzuki, H. Bull. Chem. Soc. Jpn. 1999, 72, 787.
Table 3. Synthesis of Ynamides via N-Alkynylation of Acyclic Carbamates
1 equiv KHMDS, 1 equiv Cul
R2 THF-pyridine, rt, 2h;
NH >
R10 2 C then add 1.2-2.0 equiv X - R
3
rt, 20 h
entry carbamate alkyne ynamide yield (%)a
lb NH
MeO 2C 196
I Me
211
N -- Me
MeO 2C 212
OSi t-BuMe 2
Br
202
_ 
-OSit-BuMe2
Br -------
/
203
OSit-B uMe 2
MeO 2C 213
OSit-BuMe 2
MeO 2C 214
Me,
,NH
t-BuO2 C 197
197
I 
_ SiMe 3
209
Br
204
Me
,N SiMe 3
t-BuO2 C 215
Me
N 2
t-BuO2 C 216216
MeO-\
6 ,NH
MeO 2C 199
199
Me3Si ,NH
MeO 2 C 200
9 Ph-\
,NH
t-BuO2 C 198
10 Ph--
NH
\_./ O
209
204
204
204
BH(OMe) 2
Br 205
205
MeO-\
N SiMe 3
MeO 2C 217
MeO-- _
N
MeO 2C 218
Me 3Si N
MeO 2C 219
Ph-\
N-
t-BuO2C 220
Ph--\ CH(OMe) 2
N 221
Me3SiVJO- 22
0 221
R
2
N-= R3
R10 2C
196
196
41
31
54
57
57-69
a Isolated yield of products purified by column chromatography. b Reaction was performed in a ca. 55:3 5:10
mixture of pyridine:benzene:THF.
Another complication that arose in the preparation of ynamide 221 is that the carbamate
precursor (201) and the ynamide have similar chromatographic properties on silica gel, and it
was almost impossible to separate unreacted carbamate from the product using silica gel column
chromatography. To address this issue, we initially examined different reaction conditions to see
if complete consumption of the carbamate could be achieved (Table 4). We found that iodide
222 reacts much less efficiently under our standard protocol (entry 2) and that the general
conditions of Hsung86b c resulted in poorer conversion of the carbamate (entry 3). More
importantly, when a mixture of the carbamate and ynamide was subjected to our standard
conditions, the recovered material contained the same ratio of the two compounds (entry 4).
This suggests that the ynamide may be retarding the desired reaction. We have previously found
that the percent conversion of carbamate did not change after 20 h in the original reaction..
Presumably, as the ynamide forms, it coordinates to the copper amide species preferentially and
prevents coordination and insertion of the haloacetylenes. As a result, some of the carbamate is
unable to react and we observe unreacted carbamate in the crude reaction mixture. The problem
with the purification of ynamide 221 was eventually solved by using activated basic alumina
column chromatography (see Part III).
Table 4. Synthesis of Ynamide 221
H NCH(OMe) 2  Ph-' CH(OMe) 2
PhN CO 2 TMSE X N
201 205 (X = Br) TMSEO 221
222 (X = 1) (TMSE = CH2 CH2 SiMe 3 ) 221
entry conditions results
1 1 equiv KHMDS, 1 equiv Cul, THF-pyr, rt, 2 h; 69% a
then add 2 equiv 205, rt, 20 h
2 1 equiv KHMDS, 1 equiv Cul, THF-pyr, rt, 2h; 30% conversionb
then add 2 equiv 222, rt, 22h 23% yield
3 10 mol% CuSO 4*5H20 10% conversionb
20 mol% 1, 10-phenanthroline 10% yield
2 equiv K3PO4, 1.1 equiv 205, toluene, 60 'C, 40 h
4 Starting material: 88% recovery of
75:25 mixture of ynamide and carbamate 75:25 mixture of
Conditions as in entry 1 ynamide and carbamateb
a Isolated yield of products purified by column chromatography. b Determined by 1H NMR
analysis of crude reaction mixture.
During the course of our study, we discovered that some derivatives of acyclic
carbamates are not suitable nitrogen nucleophiles for the N-alkynylation strategies developed in
our and Hsung's laboratories. As shown in eq 48, tert-butyliminodicarboxylate31 (146b) does
not react under our conditions to produce the desired ynamide. In these reactions, compound
146b was recovered unchanged. Using the particularly reactive bromo alkyne 224 and Hsung's
conditions, only trace amounts of ynamide 225 were obtained (eq 49). Subsequent to these
studies, iminodicarboxylate 146b was reported to react with an alkynyl(phenyl)iodonium salt to
provide silyl ynamide 147b in 51% yield (see eq 28, p 39). Ynamides of type 147b would be
potentially useful precursors for the introduction of a masked primary amino group in our
benzannulation products.
1 equiv KH MDS, 1 equiv Cul
t-BuOAC pyridine or THF-pyr, rt, 2 h; t-BuO2C t-BuO2C,
JNH X ,N -- R ,NH 146b (48)
t-BuO2C then add 1.5-2 equiv t-BuO 2C t-BuO2C
146b X R not detected recovered >80%
rt, 18-23 h
X- -- R = Br Br Ph I SiMe 3
204 223 209
20 mol% CuSO 4*5H20
t-BuO2C, 40 mol% 1,10-phenanthroline t-BuO2C,
NH J', - Si(i-Pr)3 + 224 (49)
t-BuO 2C 1.1 equiv Br SI(I-Pr)3 224 t-BuO2C
2 equiv K3PO4
146b 225 trace major
toluene, 110 "C, 23 h
Alkynylation of the hydroxylamine derivative 226132 was achieved in poor to fair yield
using the exceptionally reactive silylacetylene 224 (eq 50). However, attempted reaction with
131 Compound 146b was prepared by Joshua Dunetz according the procedure of: Grehn, L.; Ragnarsson, U.
Synthesis 1987, 275. I would like to thank Josh for providing enough material for this study.132 Carbamate 226 was prepared by reaction of N-(benzyloxycarbonyl)hydroxylamine with 1.1 equiv of
triethylamine and 1 equiv of tert-butyldimethylsilyl chloride in CH2C 2 (rt, 16 h) in 94% yield according to the exact
procedure of: Chen, Y. K.; Yoshida, M.; MacMillan, D. W. J. Am. Chem. Soc. 2006, 128, 9328.
the bromo derivative of allylacetylene (204) using Hsung's procedure was unsuccessful and only
led to partial decomposition of carbamate 226.
conditions
1 equiv KHMDS, 1 equivCul I
THF-pyr, rt, 2 h;
then add 1.7 equiv224
rt, 18 h
10 mol% CuSO45H20
20 mol% 1,10-phenanthroline
1.6 equiv 224, 2 equiv K3PO4
toluene, 90 *C, 23 h
t-BuMe 2SIO,
3 ,N -- Si(i-Pr)3
PhH 2 CO 2C
227
<15% (75% purity)
<35% (75% purity)
In connection with our interest in an approach to indoles based on the palladium-
catalyzed oxidative amination of 2-vinylaniline derivatives, we required an efficient route to the
enynamide 228. The usual disconnection (eq 51, path a) would require us to prepare halo
alkynes 229a or 229b, both of which have been synthesized previously.133 These compounds are
reported to be extremely heat and shock sensitive and to rapidly polymerize to black solids that
are equally explosive. We therefore turned our efforts toward an alternative route via the
Sonogashira coupling' 34,'135 of vinyl bromide with terminal ynamide 230 (eq 51, path b). 136
Me, b
,N-
t-BuO 2C
228
Me,
N -- H + Br-\ (51)
t-BuO2C
230
133 (a) Jacobson, R. A.; Carothers, W. H. J. Am. Chem. Soc. 1933, 55, 4669. (b) Vaughn, T. H.; Nieuwland, J. A. J.
Chem. Soc. 1933, 741.
134 For a recent review of alkynylations of aryl and vinyl halides, see: Negishi, E.; Anastasia, L. Chem. Rev. 2003,
103, 1979.
135 For reviews of the Sonogashira reaction, see: (a) Chinchilla, R.; Nd'jera, C. Chem. Rev. 2007, 107, 874. (b)
Sonogashira, K. J. Organomet. Chem. 2002, 653, 46. (c) Sonogashira, K. In Handbook of Organopalladium
Chemistry for Organic Synthesis; Negishi, E., Ed.; Wiley-Interscience: New York, 2002; pp 493-529. (d) Rossi, R.;
Carpita, A.; Bellina, F. Org. Prep. Proced. Int. 1995, 27, 127.
'
36 Ynamide 230 was prepared by desilylation of silyl ynamide 215, see Part III for details. Ynamide 230 is
sensitive to hydration of the alkyne and should not be exposed to acidic conditions.
t-BuMe2 Siq
JNH
PhH 2CO2C
226
(50)
Me,
NH
t-BuO2C
197 229a (X = Br)
229b (X = I)
The vinylation of electron rich acetylenes has received little attention previously. A
survey of the literature turned up some reports of successful Sonogashira coupling of terminal
alkoxyacetylenes with vinyl iodides 137 and Stille coupling of 1-ethoxy-2-
trialkylstannylacetylenes with aryl and vinyl iodides. 138
As discussed in the previous chapter, the only report on the Sonogashira coupling of
terminal ynamides with aryl and vinyl halides was published by Hsung.91 The synthesis of two
enynamides was accomplished in fair yield (eq 52). Hsung's general procedure for these
Sonogashira reactions involves mixing the ynamide, aryl or vinyl halide, and palladium catalyst
in an amine-toluene solvent system at room temperature for 5-20 min prior to the addition of
catalytic Cul, followed by reaction at 65 "C, or at room temperature for sensitive substrates such
as vinyl halides. This protocol was developed to minimize homocoupling of the terminal
ynamides observed under various other conditions when both palladium and copper catalysts
were present from the beginning of the reaction. 139' 140 Hsung reasoned that their modification
allows the oxidative addition of palladium to the aryl or vinyl halide to occur before the build up
of copper acetylides. This increases the rate of the desired transmetalation with the copper
acetylide and prevents the undesired homocoupling. Without offering much details, they also
reported poor reactivity when vinyl bromides were used.
3.3 mol% Pd(PPh3) 4
1.2 equiv I1 R
Ph-\ 2:1 Et3N:toluene, rt, 10 min; Ph--\
N E H 1 R (52)
Ts then add 15 mol% Cul, rt Ts R
231 232a (R = Bu, 42%)
232b (R = Hex, 31%)
Given this background, we began screening conditions for the synthesis of ynamide 228
from ynamide 230. Various palladium catalysts (Pd(PPh3)4, PdCl2(PhCN)2, PdCl2(PPh3)2), bases
137 (a) Dussault, P. H.; Sloss, D. G.; Symonsbergen, D. J. Synlett 1998, 1387. (b) Dussault, P. H.; Han, Q.; Sloss, D.
G.; Symonsbergen, D. J. Tetrahedron 1999, 55, 11437.138 (a) Sakamoto, T.; Yasuhara, A.; Kondo, Y.; Yamanaka, H. Synlett 1992, 502. (b) Sakamoto, T.; Yasuhara, A.;
Kondo, Y.; Yamanaka, H. Chem. Pharm. Bull. 1994, 42, 2032. (c) Bacilieri, C.; Neuenschwander, M. Helv. Chim.
Acta 2000, 83, 641.
139 (a) See the discussion in ref 91. (b) Rodriguez, D.; Castedo, L.; Sad, C. Synlett 2004, 377.
140 Homocoupling was not observed for some terminal ynamides, and for these substrates both the general procedure
described above and a procedure without the delayed addition of CuI are suitable.
(Et3N, piperidine), and co-solvents (toluene) were screened. In general, the reactions were
conducted in a sealed Schlenk flask at room temperature after addition of all of the reagents at 0
'C. A sealed vessel was used due to the volatility of vinyl bromide (boiling point 15 'C/760
Torr). The protocol of Hsung with delayed addition of Cul was used to minimize ynamide
homocoupling. We also examined a procedure involving the slow addition of the ynamide to a
solution of the vinyl bromide, palladium, and copper catalysts in piperidine or piperidine-THF as
an alternate protocol to prevent alkyne homocoupling. The best conditions for the reaction were
found to involve the use of PdCl2(PPh3)2 as the catalyst and piperidine as the solvent (Table 5,
entry 1). The use of vinyl bromide condensed directly from a pressurized can was found to be
superior to the use of a solution in THF (Table 5, entries 1 and 2). We found that ynamide 228
decomposes slowly in the presence of CuI and piperidine in THF, and the origins of this
instability are not clear.
We briefly investigated Negishi coupling' 34'141 as an alternative route to ynamide 228.
Deprotonation of ynamide 230 at 0 OC followed by the formation of the alkynylzinc reagent at
room temperature and reaction with vinyl bromide provided the desired ynamide in yields
similar to those obtained by Sonogashira coupling, but the product was not easily separated from
an impurity (Table 5, entry 3). Attempts to prevent side reactions by lowering the reaction
temperature resulted in no reaction (Table 5, entry 4).
141 (a) For a review, see: Negishi, E.; Xu, C.; In Handbook of Organopalladium Chemistry for Organic Synthesis;
Negishi, E., Ed.; Wiley-Interscience: New York, 2002; pp 531-549. (b) Also see: Negishi, E.; Qian, M.; Zeng, F.;
Anastasia, L.; Babinski, D. Org. Lett. 2003, 5, 1597. (c) For a recent application of the Negishi coupling using vinyl
bromide, see: Miller, K. M.; Luanphaisarnnont, T.; Molinaro, C. Jamison, T. F. J. Am. Chem. Soc. 2004, 126, 4130.
Table 5. Sonogashira and Negishi Coupling of Ynamide 230 to Give Enynamide 228
Me, Me,
N H N
entry
t-BuO2 C
230
conditions
t-BuO2C
228
yield (%)a
1 5 mol% PdC12(PPh3)2, 2 equiv vinyl bromide (neat)
piperidine, 0 oC, 10 min;
then add 10 mol% CuI, rt, 80 min
2 5 mol% PdC12(PPh3)2, 2 equiv vinyl bromide (lM in THF)
piperidine, 0 C, 10 min;
then add 15 mol% CuI, rt, 3 h
3 1 equiv n-BuLi, THF, 0 oC, 30 min;
1 equiv ZnBr2 (lM in THF), rt, 30 min;
5 mol% Pd(PPh3)4, 2 equiv vinyl bromide (lM in THF)
rt, 2 h
4 1 equiv n-BuLi, THF, -78 oC, 30 min;
1 equiv ZnBr2 (1M in THF), 0 oC, 30 min;
5 mol% Pd(PPh3) 4, 2 equiv vinyl bromide (lM in THF)
0 OC, 1 h
44
17-22
44
(85% purity)
a Isolated yield of products purified by column chromatography. b 1H NMR
analysis of the crude reaction mixture showed mostly unchanged ynamide 230
and only trace amounts of impurities.
As shown in eq 53, the optimal Sonogashira coupling conditions developed above were
also successfully applied to the synthesis of another enynamide (234).142 Unfortunately this
enynamide was obtained contaminated with an unknown impurity. Further improvements were
not attempted because the associated indole synthesis strategy proved unsuccessful.
MeO-\
N H
Me02C
233
5 mol% PdCI 2(PPh3)2
2 equiv vinyl bromide (neat)
piperidine, 0 "C, 10 min;
then add 10 mol% Cul, rt, 50 min
56% (95% purity)
MeO--\
- -
MeO 2C
234
142 Ynamide 233 was prepared by reaction of silyl ynamide 217 with 1.1 equiv of TBAF in THF (-78 "C, 5 min) in
60% yield.
(53)
Chapter 2
Synthesis of Indoles via Aromatic Substitution
Background and Substrate Design
The first cyclization approach that was studied as the second step in our tandem strategy
involved the formation of the C3-C3a bond of the indole ring system via aromatic substitution.
As discussed in Chapter 1 of Part I of this thesis, anilines with the nitrogen atom bearing a
carbon chain with a 2-oxo substituent readily undergo cyclization to form indoles. Because the
regioselectivity of the cyclization of meta-substituted anilines could potentially be a problem, we
decided to initially focus our attention on cyclization substrates with only one unsubstituted
position ortho to the amino group. This identified benzannulation products of types A and B
(Scheme 19) as targets for our initial study. We decided to focus on compounds of type A
because the benzannulation in this case would involve more reactive aldoketene intermediates.
Scheme 19
R-R HR I [:I'-~c
z z
R2
R3 R4
R2 0 H
I N h
Previously the formation of indoles by cyclizations of this type has employed catalytic
Lewis acid to activate the carbonyl group towards ring closure. 143 For our proposed reactions,
we expected that the desired cyclization would be particularly facile because the benzene ring
would be activated by a hydroxyl group located para to the site of electrophilic substitution. In
addition, we also recognized that it might be possible to effect the reaction under basic
conditions. For example, a related base-mediated 6-exo-trig cyclization of a phenoxide is shown
in eq 54.'44
CHO NaOH,MeOHOH
M S rt, 1.5 h H (54)
Me2t-BuSIO k% HOS 79% HO
235 236
Optimization of the Benzannulation Step
We initiated our study by examining the benzannulation of cyclobutenone 107 and
ynamide 212, where an olefin was chosen to serve as a masked carbonyl group (eq 55). As
discussed in Chapter 2 of Part I of this thesis, the reaction temperature for the cyclobutenone-
based thermal benzannulation depends on the nature of the vinylketene intermediate.
Aldoketenes formed by ring opening of 3-substituted cyclobutenones generally react with
activated alkynes at 80 oC in our benzannulation. Thus, we began our study by heating a mixture
of one equivalent of ynamide 212 and one equivalent of cyclobutenone 107 in benzene at 80 oC
for 18 h. While attempting purification, we found that the desired product 237 was not easily
separable from another compound 238 formed in the reaction. While monitoring the reaction
progress by thin layer chromatography (TLC), we noted that 238 started to appear during the
initial stage of the reaction before the formation of aniline 237. As the reaction proceeded, the
amount of the desired product 237 increased while the amount of 238 decreased. When the
reaction was halted after 5 h, compound 238 was the major component in the reaction mixture.
A pure sample of 238 was isolated and characterized as the vinylcyclobutenone intermediate
143 For a review, see: Joule, J. A. In Science of Synthesis; Thomas, E. J., Ed.; Thieme: Stuttgart, 2000; Vol. 10, pp 390-
391 and 461-462.
'" (a) Guanti, G.; Banfi, L.; Narisano, E.; Riva, R.; Thea, S. Tetrahedron Lett. 1992, 33, 3919. (b) Guanti, G.; Banfi,
L.; Riva, R. Tetrahedron 1994, 50, 11945.
based on a comparison of spectral data with that of vinylcyclobutenone 106 previously isolated
in our laboratory.63 We also obtained a 25:75 mixture of aniline 237 and vinylcyclobutenone
238 in a combined yield of 83% from this reaction (eq 55). A sample of this mixture was heated
in toluene at reflux for 3 h and aniline 237 was obtained in 72% yield (not optimized), thus
indicating that the conversion of vinylcyclobutenone 238 to benzannulation product 237 takes
place readily at 110 oC.
benzene Me 
II 80oC 5h Me ,,
.+ I +1 (55)
Bu NCOM 83% Bu2M e  CMe BuMC02Me
107 212 237 25:75 238
An important consideration with regard to benzannulations involving N-allyl ynamides
such as 212 is that they can undergo rearrangement at elevated temperatures. Former group
member Aimee Crombie found that ynamide 239, also substituted with an allyl group on the
nitrogen atom, is thermally sensitive and decomposes above 135 oC.95 The mechanism of
decomposition is believed to involve a [3,3] sigmatropic rearrangement of the 1,6-enyne moiety
to give the unstable ketenimine 240, which then undergoes further decomposition (eq 56).145
135 0 C
Sl - Decomposition (56)
C02Me NCO2Me
239 240
To determine the optimal protocol for performing the benzannulation, we carried out a
control experiment with cyclobutenone 107 and ynamide 213. In one experiment, the
benzannulation was carried out at 80 OC for 2 h and then the temperature was raised to 110 OC
for 2.5 h. In the second experiment, the reaction was run in refluxing toluene for 2.5 h. As
145 Thermal decomposition of allyl alkynyl thioethers has also been observed, see: Brandsma, L.; Ros, H. J. T.;
Arens, J. F. In Chemistry ofAceylenes; Viehe, H. G., Ed.; Marcel Dekker, Inc.: New York, 1969; Chapter 11, p 811.
shown in eq 57, these experiments led to different results, with the reaction run at reflux
proceeding in lower yield presumably due to partial decomposition of ynamide 213 at 110 oC via
a pathway similar to that shown in eq 56.
OSit-BuMe 2
N' CO 2 Me
213
conditions
toluene
80 *C, 2 h;
110 -C, 2.5 h 77%
OH
I Sit-BuMe 2
Bu N
C0 2Me
241
toluene
110 C, 2.5 h 60%
These results indicated that a protocol with two stages of heating is optimal for
benzannulations with N-allyl ynamides. A mixture of one equivalent of the ynamide and one
equivalent or a slight excess of cyclobutenone 107 in toluene (0.8 M) is heated at 80-90 'C until
complete consumption of the ynamide is indicated by TLC analysis. The reaction temperature is
then raised to 110 oC to complete the conversion of the vinylcyclobutenone intermediate to the
desired aniline product (Table 6).
Table 6. Benzannulation of Cyclobutenone 107 and N-Allyl Ynamides
R toluene
80-90 0C 1.5-2 h;
110 C 1.5-3 h
Bu N CO2M e  B
107
S212-214
k .J eqUV
OH
u 
R
C02Me
237, 241,242
entry R ynamide aniline yield (%)a
1 Me 212 237 78
2 CH2OSit-BuMe 2  213 241 85
3 CH2CH 20Sit-BuMe2  214 242 94
a Isolated yield of products purified by column chromatography.
The assignment of the structure of benzannulation product 237 was based on an analysis
of 'H NMR, 13C NMR, and IR data. There is good agreement with spectral data of previously
0 +
107
(57)
reported benzannulation products synthesized in our laboratory. 95 A complication in the analysis
of 1H NMR spectra taken at 20 oC is that some protons in the structure appear at two different
chemical shifts as broad resonances. For example, the methyl groups labeled b and d both
appear as two singlets, and the methylene labeled c shows as two triplets (Figure 3). This is
characteristic of a mixture of two carbamate rotamers, present due to slow rotation about the
amide bond at room temperature.
Another interesting feature of the proton spectra is that the two methylene protons Ha and
Ha. at carbon A (Figure 3) are magnetically non-equivalent and appear as the AM portion of an
AMX system, where X is the vinyl proton He (at 5.84-5.92 ppm). It is believed that at room
temperature this molecule is chiral due to atropisomerism arising from restricted rotation around
the Cyl-N bond and therefore Ha and Ha' are diastereotopic. 146
In order to confirm that these characteristics are not due to the presence of impurities, we
undertook a VT-NMR study of this compound. A series of 1H NMR spectra taken in benzene-d 6
from 10 'C to 60 oC shows that the coalescence temperature for the interconversion of the
carbamate rotamers is between 30 'C and 40 "C as evidenced by the coalescence of the
resonances for protons Ha to Hd (Figure 3). The protons in methylene A (Ha and Ha) are still
magnetically non-equivalent at 60 oC and appear as two broad resonances, whereas a spectrum
taken in DMSO-d6 at 130 oC displays one broad resonance for these two protons. These results
indicate that the coalescence temperature for the interconversion of the enantiomers due to
atropisomerism is above 60 "C and this process is considerably slower than the interconversion
of the carbamate rotamers.
146 For a discussion on atropisomerism, see: Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds;
Wiley-Interscience: New York, 1994; pp 1142-1153.
OH
H3 d
60
I I I . I I I I I I I I II
4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 ppm
Figure 3. Temperature dependence of selected regions of the 1H NMR spectra of aniline 237 (500 MHz, benzene-
d6).
For compounds 241 and 242, only certain peaks are slightly broadened in proton spectra
at 20 oC, indicating that one carbamate rotamer dominates at this temperature or that the
coalescence temperature is near room temperature. Magnetic non-equivalence of the
corresponding methylene protons is also observed. Key spectroscopic features of the three
aniline benzannulation products are presented in Table 7.
Table 7. Important Spectral Characteristics of Anilines 237, 241, and 242
OH
Bu N
IR
C=O Stretches (cmf') 1675 1680 1680
1711 1710
0-H Stretches (cm') 3344 3339 3320
'H NMRb
Aryl Protons (ppm) 6.51 6.67 6.75
6.32 6.46 6.50
13C NMR
Aryl and Carbonyl 156.1 157.6 156.8
Carbons (ppm) 154.1 156.0 156.4
141.7 144.1 143.1
141.1 138.4 140.5
120.6 119.5 122.4
119.4 118.8 120.3
114.5 116.3 116.9
a SiR 3 = Sit-BuMe 2. b toluene-ds, 90 oC for 237; CDC13, 20 0C for 241 and 242.
Oxidative Cleavage of the N-Allyl Group
With benzannulation product 237 in hand, we started to investigate the best means to
transform the terminal olefin to an aldehyde. Ozonolysis with excess ozone in 20% MeOH-
CH2C 2 at -78 °C and reduction of the ozonide with Me2 S yielded a complex mixture of products.
We were not alarmed by this result, because we were aware that electron-rich aromatic systems
can be sensitive to oxidation. 147 Under the same conditions, reaction with three equivalents of
ozone led to the desired product in 54% yield but with only 80-85% purity due to difficulties in
separating side products.
The Lemieux-Johnson protocol for oxidative cleavage of alkenes was investigated
next. 148 These reactions are typically run with catalytic Os04 and 3-4 equivalents of NaIO4 as
the stoichiometric oxidant in an aqueous/organic solvent mixture at room temperature. The
147 For the prevention of over-oxidation during ozonolysis of electron-rich naphthalene systems by using controlled
amount of ozone, see: Boger, D. L.; McKie, J. A.; Cai, H.; Cacciari, B.; Baraldi, P. G. J. Org. Chem. 1996, 61, 1710.148 Pappo, R.; Alen, D. S., Jr.; Lemieux, R. U.; Johnson, W. S. J. Org. Chem. 1956, 21, 478.
organic solvents screened included Et20, dioxane, acetone, and THF. We also examined the use
of two equivalents of pyridine as an additive to reduce side reactions. 149 The best conditions
using this oxidation method provided access to aldehyde 243 in 66% yield, but side products
were still not easily separated. We finally identified the following two-step dihydroxylation-
oxidative cleavage sequence to be the optimal procedure. Dihydroxylation of the alkene with
catalytic Os04 in the presence of NMO affords a 1,2-diol, which is used without purification in
the next step. Oxidation by NaIO4 supported on silica gel 150 then gives the desired aldehyde 243
in good overall yield. A clean reaction with this solid-supported reagent compensates for the
disadvantage of employing a two-step procedure and provided us with a general route to the
aldehydes required for this study (Table 8).
Table 8. Synthesis of Aldehydes 243-245
Bu
1) cat OsO4, 1.1 equiv NMO
aq THF, rt, 12-17 h
2) 2-4 equiv NalO4-SiO,
CO2Me CH 2CI2 , rt, 1.5-4 h CO2Me
237, 241,242 243-245
entry R olefin aldehyde yield (%)a
1 Me 237 243 82-84
2 CH 2OSit-BuMe2  241 244 91
3 CH 2CH2OSit-BuMe 2  242 245 91-98
a Isolated yield of products purified by column chromatography.
Cyclization to Indoles
We were excited to test our proposed base-mediated cyclization using aldehyde 243 as
the starting material. Some of the conditions that were examined are presented in Table 9.
Metal alkoxides did not provide any of the desired product (entries 1 and 2), whereas promising
results were achieved with NaHCO3 and K2C0 3 (entries 3 and 4). We decided to focus on the
149 For a report on prevention of over-oxidation of the diol intermediate using tertiary amines as additives, see: Yu,
W.; Mei, Y.; Kang, Y.; Hua, Z.; Jin, Z. Org. Lett. 2004, 6, 3217.150so Zhong, Y-L.; Shing, T. K. M. J. Org. Chem. 1997, 62, 2622.
optimization of the initial conditions using catalytic K2C0 3 in MeOH at 65 'C (entry 4). Under
these conditions, a mixture of the desired indole 246, N-deprotected indole 247, and a third
compound (249) tentatively identified as a product formed from a reaction between aldehyde 243
and indole 246 was obtained. In further experiments, we decided to use excess K2C0 3 because
this base is inexpensive and a higher concentration of the base was expected to increase the
amount of phenoxide present. Formation of byproduct 249 was minimized by lowering the
concentration of the reaction mixture (entry 5). It is of interest to note that Cs2CO3 effected the
cyclization with similar results under these conditions (entry 6), though further work using this
base was not pursued. To avoid the formation of N-deprotected indole 247, we reasoned that the
carbamate group is cleaved by methoxide generated from MeOH, and therefore examined the
bulkier solvent isopropanol to suppress this side reaction (entry 7). Under these modified
conditions amino alcohol 248 was obtained as the major product. We believe phenoxide 250
forms under the reaction conditions and undergoes a 5-exo-trig cyclization to give secondary
alkoxide 252 (eq 58). In isopropanol, the equilibrium between alkoxide 252 and alcohol 248 lies
slightly to the alkoxide, and therefore dehydration to the indole is slower. Using similar
conditions, DBU was found to be an efficient promoter of the cyclization as well (entry 8).
However, under similar conditions some other bases were found to be less effective. For
example, the use of Li2 CO 3 only led to partial decomposition of aldehyde 243, while Et3N and
TBAF promoted the reaction but at much lower rates (entries 9-11).
In the final optimized protocol, the aldehyde is heated as a 0.01-0.02 M solution in
isopropanol in the presence of K2C0 3 or DBU until complete consumption of the aldehyde is
observed by TLC analysis. The solution is then cooled to room temperature and treated with 1M
HCl to complete the dehydration to form the desired indole. There is a slight dependence of
yield on the number of equivalents of base. Higher yield was obtained when five equivalents of
base were used in the case of K2C0 3 (Table 10).
Table 9. Selected Screening Results for Base-Mediated Cyclization of Aldehyde 243 to Indole 246
base
solvent, A
ON
Me C02Me
243
A
IB
Me "V'z Me
246 247
B C
Me 24'v8
248
entry base (equiv) solvent concn (M) a temp (oC) time (h) resultb
1 NaOMe (cat) MeOH 0.1 65 2 mixture of uncharacterized products
2 KOt-Bu (cat.) THF 0.1 65 18 mixture of A and uncharacterized products
3 NaHCO 3 (cat.) MeOH 0.1 65 5.5 mixture of B, C, D, and E
4 K2CO3 (cat) MeOH 0.1 65 5 mixture of B, C, and E
5 K2C0 3 (5.0) MeOH 0.01 50 1 mixture of B, C, and D
6 Cs 2CO 3 (1.0) MeOH 0.01 50 4 mixture of B, C, and D
7 K2CO3 (5.0) i-PrOH 0.01 50 1 D
8 DBU (10.0) i-PrOH 0.01 50 1 D
9 Li2CO3 (5.0) i-PrOH 0.01 55-80 6 mixture of A and decomposition
10 TBAF (5.0) i-PrOH 0.01 55-80 6 mixture of A and B
11 Et3N (10.0) MeOH 0.01 50 2 mixture of A and D
a Concentration of aldehyde 243. b For entries 1-4, products were isolated by column chromatography. For
entries 5-11, results were based on TLC analysis of reaction mixtures.
u
0 N
R CO2Me
250
H
i-PrOH
(58)
R GO2Me
251 252
+ 249
E
248
Table 10. Optimization of Base-Mediated Cyclization of Aldehyde 243 to Indole 246
u Bu
CHO
base, 0.01 - 0.02 M i-PrOH, A; ,.
HO N HO N
e CO2Me then add 1M HCI, rt Ie CO 2 Me
243 246
entry base (equiv) temp (0C) time (h) yield (%)a
1 K 2CO 3 (5.0) 50 2 80
2 K 2CO 3 (1.0) 40-60 4 71
3 DBU (5.0) 55 2 86
4 DBU (1.0) 60 4 78
5 DBU (0.5) 65 1.5 74-82
a Isolated yield of products purified by column chromatography.
Reaction under acidic conditions was briefly investigated. Treatment of aldehyde 243
with one equivalent of BF3*OEt2 in CH2Cl 2 at room temperature provided a complex reaction
mixture with only a trace amount of the desired indole. Further experiments with other acidic
reagents were not attempted.
The structural assignment for indole 246 was based on an analysis of 'H NMR, 13C NMR,
and IR data. The sp2 region in the 'H NMR spectrum shows a singlet at 6.67 ppm for the proton
on the benzenoid ring and an AM spin system with a coupling constant of 4.0 Hz at 7.46 and
6.56 ppm for the C-2 and C-3 protons, respectively. These figures are in agreement with
published spectral data of similar indoles.151 There are nine carbon resonances in the correct
region for the eight carbons of the indole framework and one carbonyl carbon at 152.2, 152.1,
136.3, 133.6, 126.5, 125.2, 112.5, 109.0, and 106.7 ppm. The IR absorption bands for the O-H
and C=O stretching appear at 3411 and 1708 cm-1, respectively.
We studied next the synthesis of indoles from aldehydes 244 and 245. These two
compounds behave very differently under the cyclization conditions developed for aldehyde 243.
Reaction of aldehyde 244 with DBU resulted in complete decomposition. The protocol
151 (a) Kametani, T.; Ohsawa, T.; Ihara, M. J. Chem. Soc., Perkin Trans. 1 1981, 290. (b) Cherif, M.; Cotelle, P.;
Catteau, J.-P. Heterocycles 1992, 34, 1749.
involving one equivalent of K2C0 3 provided the desired indole in low and variable yield. We
suspected that the phenoxide intermediate is unstable under basic conditions, undergoing
elimination of silanolate. The resulting exo-methylene enone (254) is expected to be highly
reactive and prone to decomposition (eq 59). We carried out a control experiment to test the
stability of this benzylic silanol under basic conditions (Scheme 20). In this experiment,
treatment of compound 241 with K2 C0 3 under the cyclization conditions resulted in
decomposition whereas under the same conditions compound 237 remained unchanged.
OH
OSIR 3  base
--- + ,
Bu N CHO
I
CO2Me
244 SiR3 = Sit-BuMe 2
OSiR 3
- Decomposition (59)
CO2Me
253 254
Scheme 20
H
R
Buz N
CO2Me
237 R = H
241 R = OSit-BuMe2
R=H
1.1-1.2 equiv K2C03i-PrOH, 60 *C, 5 h
No change
Decomposition
R = OSit-BuMe 2
On the other hand, aldehyde 245 reacted with one equivalent of K2C0 3 under the
standard cyclization conditions to give indole 255 in good yield. The silyl ether was cleaved
during the treatment with 1M HC1. Reaction with DBU gave indole 255 in somewhat lower
yield. It is possible that DBU induces [3-elimination to generate a 2-hydroxystyrene derivative,
which would decompose under the acidic treatment.
Bu
.
H O
HO N
CO2Me
OSit-BuMe 2
245
1.0 equiv K2C0 3i-PrOH, 70 *C, 2 h;
then 1M HCI, rt
74%
or
0.5 equiv DBU
i-PrOH, 70 *C, 2 h;
then 1M HCI, rt
65% (95% purity)
(60)
255
Summary
We have developed a tandem benzannulation-cyclization strategy to produce 6-
hydroxyindoles. Highly-substituted anilines with an N-allyl substituent are synthesized via
benzannulation. These substrates are then subjected to a two-step dihydroxylation-oxidative
cleavage followed by base-mediated cyclization to afford indoles (eq 61).
H
R
Bu N
CO2Me
1) OsO4, NMO
2) NalO 4-SiO2
U K2CO3 or DBU
H O i-PrOH, A
HO N
R CO 2Me
(61)
R L;u2Me
A Ira--
Chapter 3
Synthesis of Indoles via Palladium-Catalyzed Oxidative Amination
Background and Substrate Design
Inspired by the numerous metal-catalyzed syntheses of indoles from 2-substituted aniline
derivatives, we envisioned the incorporation of several of these cyclization approaches as the
second step in our tandem strategy. In particular, we were attracted to the palladium-catalyzed
cyclization of 2-allylanilines and 2-vinylanilines developed by Hegedus. 152 Hegedus's general
protocol involves heating 2-allylanilines or 2-vinylanilines with catalytic PdC12(MeCN) 2 in the
presence of benzoquinone and LiCl in THF at 65 'C for 18 h. The mechanism is shown in
Scheme 21.153 The palladium(II) catalyst first rapidly and reversibly coordinates to the olefin.
Intramolecular nucleophilic attack by the amino group at the more substituted carbon of the
activated olefin forms an a-alkylpalladium complex. This is followed by P-hydride elimination
and successive migratory insertion and P-hydride elimination to give the indole. A HPdC1
species is released and undergoes reductive elimination to give Pd(O). Therefore, an oxidant is
required to reform Pd(II) to complete the catalytic cycle. Benzoquinone was reported as the best
oxidant for this reaction, as Cu(II) salts sometimes complicated purification or were not effective.
Lithium chloropalladate and palladium acetate were not effective catalysts for the reaction.
152 (a) For seminal publication, see: Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am. Chem. Soc.
1978, 100, 5800. (b) For a recent review, see the discussion in sections 4.2.4 and 4.2.5 of: Cacchi, S.; Fabrizi, G.
Chem. Rev. 2005, 105, 2873.15 3 Hegedus, L. S. Angew. Chem. Int. Ed. 1988, 27, 1113.
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With 2-allylanilines as substrates, Hegedus found that the reaction proceeds well with
both unsubstituted and mono-substituted amino groups (eq 62). Acetanilides also participate in
the reaction (eq 62). This method of indole formation has been extended to the synthesis of an
N-benzylindoloquinone, 154 dihydroindolacetic acid esters, 155 3-siloxyindoles, 156 and 4-aza-3-
siloxyindoles. 57
154 Weider, P. R.; Hegedus, L. S.; Asada, H.; D'Andreq, S. V. J. Org. Chem. 1985, 50, 4276.155 Hegedus, L. S.; Allen, G. F.; Olsen, D. J. J. Am. Chem. Soc. 1980, 102, 3583.
156 Gowan, M.; Caill6, A. S.; Lau, C. K. Synlett 1997, 1312.
'
57 Zakrzewski, P.; Gowan, M.; Trimble, L. A.; Lau, C. K. Synthesis 1999, 1893.
Scheme 21
0=0 O HO- -OH
Benzoquinone (BQ) Dihydroquinone (DHQ)
___X_
N R
H
256a R = H
256b R = Me
256c R = COMe
10 mol% PdCI2(CH3CN)21 equiv benzoquinone
10 equiv LiCI
THF, 65 'C, 18 h O-Me
R
257a R = H 86%
257b R = Me 89%
257c R = COMe 71%
Hegedus reported two examples of intramolecular amination using 2-vinylanilines as
substrates (eq 63).152a,158 The scope of this version of the cyclization was subsequently explored
by several research groups, which demonstrated that the reaction can be applied to a wide range
of substituted primary and secondary anilines, 159 acetanilides, 160 and p-toluenesulfonamides. 161
R2
RHN'
H
10-20 mol% PdCI2(CH 3CN)21 equiv benzoquinone
10 equiv LiCI
THF, 65 °C, 18 h
(63)
R2
N
258a R1 = R 2 = H
258b R1= Ts, R2 = Br
259a R1 = R2 = H 74%
259b R1 =Ts, R2 = Br 77%
In the next section, the investigation of the cyclization of 2-allylanilines and 2-
vinylanilines generated via our benzannulation will be discussed. The substituents on the
nitrogen atom of the ynamide precursors were designed for easy access to the required secondary
aniline at a later stage. We began by examining the tert-butoxycarbonyl (BOC) group as the
cleavable group of our aniline substrate (eq 64).
H
R
CONB
C02t-Bu
(64)
158 Harrington, P. J.; Hegedus, L. S. J. Org. Chem. 1984, 49, 2657.159 Yamaguchi, M.; Arisawa, M.; Hirama, M. Chem. Commun. 1998, 1399.160 Kasahara, A.; Izumi, T.; Murakami, S.; Miyamoto, K.; Hino, T. J. Heterocyclic Chem. 1989, 26, 1405.
161 Krolski, M. E.; Renaldo, A. F.; Rudisill, D. E.; Stille, J. K. J. Org. Chem. 1988, 53, 1170.
(62)
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II
Application of the Hegedus Cyclization in the Synthesis of Highly-Substituted Indoles
Our development of a tandem benzannulation-cyclization strategy based on the Hegedus
reaction began with the benzannulation shown in eq 65. Reaction of ynamide 216 with a slight
excess of cyclobutenone 107 in toluene at 110 oC afforded the desired 2-allylaniline 260 in good
yield. This product was then exposed to the action of TFA in CH2C12 to provide the required
indole precursor 261. Minimal optimization was required for these reactions.
II
toluene H 15 equiv TFA
110 *C, 90 min CH2CI2 , rt, 1-2 h
Bu N 79-90% Bu NMe 94-100% Bu
,N~\A ~ L - 
(65)
me Lu 2 t-BU CO 2t-Bu
107 216 260 261
(1.3-1.4 equiv)
Upon exposure of 261 to Pd(II), cyclization involving both the amino group and the
hydroxyl group are possible. We predicted that cyclization of the amino group would be faster
because of its higher nucleophilicity. We were pleased to find that reaction of aniline 261 under
the standard Hegedus conditions provided the desired indole 262 in excellent yield. The
presence or absence of LiCl did not affect the yield of the reaction, although inclusion of LiCl
did prevent the formation of palladium black.
14 n l %1 D.I I I A..' I\
i U Iulo r 2u r.,v I u,') 21 equiv benzoquinone
THF, 65 °C, 12 h
1 equivLiCI 78-85% Bu
nn I irI Rgo0/
-Me (66)
261 262
The structural assignment for indole 262 followed from an analysis of 1H NMR, 13C
NMR, and IR data. In addition, agreement of proton resonances of Ha, Hb, He, and Hd with those
.. V -.~.
in related indoles 263 and 264 previously reported in the literature supports the assignment. 162 A
possible isomeric product 4-aminobenzofuran 265 is ruled out based on an independent synthesis
of authentic 265163 (vide infra). In particular, the N-methyl resonance (3.63 ppm) of indole 262
is further downfield as compared to the N-methyl resonance (2.96 ppm) of benzofuran 265. The
latter is typical of an N-methyl substituent of an aryl amino group.
Our next goal was to improve the efficiency of this approach by combining the
deprotection and cyclization steps in a one-pot operation. We started by examining a procedure
involving deprotection as the first step followed by cyclization. In considering approaches, we
first noted that one equivalent of dihydroquinone is produced in the reaction mixture by the
reduction of benzoquinone by Pd(0). We envisioned that a phenol or dihydroquinone substituted
with electron-withdrawing groups might be able to serve as a sufficiently acidic reagent to cleave
the tert-butyl carbamate. Once the deprotection was complete, reagents to promote the
intramolecular amination would be added and the presence of the phenol derivative was not
expected to affect the efficiency of the cyclization. To test the feasibility of this idea, we treated
carbamate 260 in THF with 50 equivalents of 4-chlorophenol or 2,4,6-trichlorophenol at 65 'C.
162 (a) For compound 263, see: Cotterill, A. S. et al. J. Med. Chem. 1994, 37, 3834. (b) For compound 264, see:
Draheim, S. E. et al. J. Med. Chem. 1996, 39, 5159.
163 Compound 265 was characterized by 1H NMR and IR spectroscopy.
8 4.91 (s, 1H)
5 6.23 (s, 1 H)
Mc8 2.41 (s, 3H)
IB
8 3.63 (s, 3H)
262
85.83 (s, 1H) 8 4.97 (s, 1H)
a  Hb 8 6.30 (s, 1H)
MeO
N Mec, 2.37 (s, 3H)
Med
39 (s, 1H)
8 2.38 (s, 3H)
S3.88 (S, 3H)
263 264
e 8 2.42 (s, 3H)
He - Hb
Bu H 8 3.77 (s, IH)
H' Me 8 2.96 (s, 3H)
265
Hb, He, Hf: 8 6.69 (s, 1H), 6.22 (s, 2H)
Unfortunately, the carbamate was recovered unchanged in both cases. A previous example of a
related deprotection involved heating the substrate in 4-chlorophenol as solvent at 180 OC. 64
We next turned our attention to one-pot reactions employing the common acids used for
cleavage of BOC groups. This plan also required a compatible neutralization method to liberate
the free amino group so that it could participate in the subsequent Hegedus cyclization step.
We chose to focus on a HCl-THF deprotection system. Different variables that were
examined are shown in Table 11. Deprotection was found to be slow with up to five equivalents
of anhydrous HCI (entries 1 and 2). However, addition of five equivalents of MeOH speeds up
the reaction (entries 2 and 3). Reaction time is shortened by further increasing the amount of
acid to 25 equivalents where both MeOH and water are equally efficient additives (entries 4 and
5). However, concentrated HCI did not provide an efficient rate of deprotection (entry 6). The
best result was obtained using ten equivalents of anhydrous HCI at 0.4 M concentration without
any additives (entry 7).
Table 11. Deprotection of tert-Butyl Carbamate 260 with HCI-THF
lu
EHCI
THF, rt
B Me
Bu NBL
COt-Bu
260 261
entry acid (equiv) additive (equiv) concn (M) a time (h) 2 6 0 b 2 6 1b
1 anhyd HCI (1) - 0.1 4.5 100 0
2 anhyd HCI (5) - 0.1 28 85 15
3 anhyd HCI (5) MeOH (5) 0.1 22 10 90
4 anhyd HC1 (25) MeOH (5) 0.1 3 0 100
5 anhyd HC1 (25) H20 (5) 0.1 3 0 100
6 coned HCI (10) - 0.1 30 50 50
7 anhyd HCI (10) - 0.4 2.5 0 100
a Concentration of carbamate 260. b Ratios of 260 and 261 determined by integration
of peaks in 1H NMR spectra of crude reaction mixtures.
Having established a protocol for carbamate cleavage, we then examined the tandem
deprotection-cyclization procedure. We realized that the best reagent for neutralizing the HCI
164 Myers, A. G.; Tom, N. J.; Fraley, M. E.; Cohen, S. B.; Madar, D. J. J. Am. Chem. Soc. 1997, 119, 6072.
that would be present is LiOH, because neutralization would then produce H20 and LiC1, which
is required in the cyclization. Therefore, after the completion of carbamate cleavage, LiOH was
added for the neutralization and the reaction was diluted to a suitable concentration for the
cyclization, and then PdCl2(MeCN)2 and benzoquinone were added, followed by reaction at
reflux. This one-pot procedure provided the desired indole in moderate yield (eq 67).
Subsequent tuning of the reaction conditions gave variable results and the reaction was observed
to be sensitive to small differences in reaction parameters. Further optimization was not pursued.
10 equiv anhyd HCI
OH THF, rt, 2.5 h; H
10 equiv LiOH, 30 min;
Me (67)
Bu NMe 10 mol% PdCI 2(MeCN) 2  Bu NBu N' 1 equiv benzoquinone Me
CO 2t-Bu THF, 65 C, 2 h
260 63% (95% purity) 262
We also studied an alternate one-pot procedure in which the sequence of cyclization and
acid treatment is reversed. Cyclization of aniline 260 provided the expected benzofuran 266 in
good yield (eq 68). Based on a report on the acid-promoted isomerization of 4-aminobenzofuran
to 4-hydroxyindole, 165 we tested the feasibility of a similar transformation of benzofuran 266 via
tandem carbamate cleavage-isomerization to indole 262. Thus, 266 was treated with excess acid
(AcOH, TFA, or coned HCl) at 60 OC. TLC analysis indicated that only concentrated HCl gave
the desired indole (Table 12). In a one-pot procedure, the cyclization to benzofuran was allowed
to proceed to completion, and the reaction mixture was then cooled to room temperature, excess
concentrated HCl was added, and reaction was continued at 25-50 'C. At least 100 equivalents
of acid were required for effective conversion to the indole. The optimal result is shown in eq 69.
This is comparable to the two-step protocol described in the last section. However, the harsh
conditions with excess acid would not be compatible with sensitive functional groups.
We also carried out the isomerization step at room temperature and found that 4-
aminobenzofuran 265 (with the tert-butyl carbamate cleaved) was produced as the major product
under these conditions (eq 70). This result shows that heating is required for the isomerization.
The mechanism of this rearrangement likely involves the protonation of the benzofuran and
165 Chilin, A.; Rodighiero, P.; Gulotto, A. Synthesis 1998, 309.
addition of water (from concd HC1) to give carbonyl compound 268 (Scheme 22). Nucleophilic
attack of the amino group and the hydroxyl group are both possible and reversible, and under the
optimal conditions formation of the indole is favored.
H
.Me
Bu N
CO2t-Bu
260
10 mol% PdCI2(CH 3CN) 21 equiv benzoquinone
10 equiv LiCI
THF, 65 *C, 18 h
86%
Table 12. Acid-Promoted Isomerization of Aminobenzofuran 266 to Indole 262
Me
excess acid
60 "C, 2 h
CO2t-Bu Bu H Bu
Me Me
265
H
N 
M e
Me
262
entry acid
1 AcOH
2 TFA
3 concd HCI
a Determined by TLC
OH
-IBu o MeBu N
CO 2t-Bu
260
OH
zz! ~MeBu NMe
CO2t-Bu
260
10 mol% PdCI2(CH3CN) 21 equiv benzoquinone
10 equiv LiCI
THF, 65 "C, 17 h;
then concd HCI (100 equiv)
25-50 *C, 4 h
86%
10 mol% PdCI2(CH 3CN) 21 equiv benzoquinone
10 equiv LiCI
THF, 65 "C, 3h;
then concd HCI (120 equiv)
rt, 12 h
65%
OH
Me
Bu
Me
262
Bu I
Me
H
265
CO2t-Bu (68)
Me
266
266
solvent
THF
analysis.
producta
266
265
262
(69)
(70)
a.,
Me
Bu N
Me
265
H
E Me
S HH
H
Bu N
Me
267
H
H2 0
H
268
Me
-H
-H20
Me N Me
Bu Bu MNOH
Me Me
262 269
Studies with 2-Vinylanilines
We also examined a related benzannulation-cyclization sequence based on 2-vinylaniline
derivatives, and selected 2-vinylaniline 270 as a cyclization precursor. Thus, reaction of two
equivalents of cyclobutenone 107 with one equivalent of ynamide 228 at 90-110 oC gave the
desired aniline 270 in good yield. However, various conditions for the cleavage of the tert-butyl
carbamate did not provide the desired aniline 271 in useful yield due to the sensitivity of the 3-
hydroxy-2-vinylaniline system to acid (Table 13). Although there are examples of deprotection
of tert-butyl carbamates by thermolysis, 166 heating 270 only caused decomposition, even with
BHT as a radical scavenger (entries 1-3). AIC13167 also caused decomposition (entry 4), whereas
with TFA low yield of the desired aniline 271 was produced (entries 5 and 6). However, it was
very difficult to separate aniline 271 from impurities and this compound was found to
decompose readily.
166 For selected examples, see: (a) Wasserman, H. H.; Berger, G. D.; Cho, K. R. Tetrahedron Lett. 1982, 23, 465. (b)
Ref 39c. (c) Saito, S.; Uchiyama, N.; Gevorgyan, V.; Yamamoto, Y. J. Org. Chem. 2000, 65, 4338. (d) Govek, S. P.;
Overman, L. E. J. Am. Chem. Soc. 2001, 123, 9468.
167 Bose, D. S.; Lakshminarayana, V. Synthesis 1999, 66.
Scheme 22
Me .'CO 2t-Bu
228
toluene
90-110 C, 4.5 h
75% (95% purity)
Table 13. Attempted Deprotection of tert-Butyl Carbamate 270
OH OH
Bu N Bu N
CO2t-Bu H
270 271
entry conditions solvent concn (M)a  result
1 190 ° C, 16 h toluene 0.02 decomposition
2 190 oC, 17 h toluene 0.001 decomposition
3 0.6 equiv BHT, 190 °C, 16 h toluene 0.08 decomposition
4 1 equiv AlC13, rt, 1 h CH2C12  0.1 decomposition
5 15 equiv TFA, rt, 40 min CH2C12  0.2 decompositionb
6 15 equiv TFA, rt, 20 min CH2Cl2  0.2 38% (85% purity)c
a Concentration of carbamate 270. b Decomposition of product occured during silica
gel chromatography. c Isolated yield of product purified by column chromatography
with eluent containing 1% Et3N.
The analogous resorcinol 272 has been prepared previously and it was found to be
extremely unstable to acid and oxygen. 68 Purification of this resorcinol on silica gel was not
possible due to polymerization and reverse phase chromatography was required. Moreover, this
compound can only be handled in solution because of polymerization on concentration.
OH
272
168 Yamaguchi, M.; Arisawa, M.; Omata, K.; Kabuto, K.; Hirama, M.; Uchimaru, T. J. Org. Chem. 1998, 63, 7298.
Bu
107
(2.0 equiv)
(71)
CO2t-Bu
270
To reduce the reactivity of the aromatic system in our substrate, we turned our attention
to the attenuation of the electron-donating ability of the hydroxyl group by converting it to a
triflate derivative (273) prior to tert-butyl carbamate cleavage (eq 72). This strategy was
successful and 2-vinylaniline 274 was obtained and subjected to the cyclization conditions.
However, the cyclization was very slow under the standard Hegedus conditions. Using the
higher temperature protocol (DMF, 110 "C, 43 h) of Stille,. we obtained a mixture of the desired
indole and about 10% unreacted aniline 274.
OH 2 equiv NaH 14 equiv TFA
TH F, 0 "C, 20 min; 1 CH 2CI2, rt, 50 min
1Bu .e Bu MBu N 1.1 equiv PhNTf2  Bu 93% Bu
1 ~ 20 nAB 3CO2t-Bu L, LII CO 2 t-Bu
270 63% 273 274
(contained trace unreacted 273)
We also prepared aniline substrate 275 via benzannulation of ynamide 234 and
cyclobutenone 107 (not optimized). We envisioned that after cleavage of the methoxymethyl
protecting group 169 the resulting 2-vinylacetanilide 277 (eq 74) should have stability similar to
aniline 274 due to the electron-withdrawing group on the nitrogen. Unfortunately, treatment of
275 with acids including TFA/CH2C12, anhydrous HCI/EtOAc, and aqueous HCI in various
solvents resulted only in decomposition. The only identifiable product from these reactions
showed 'H NMR resonances consistent with a dihydroquinoline of type 278 (eq 74). We believe
that the vinyl group is positioned to easily react with the iminium ion in intermediate 276 to
provide the cyclized byproduct. In conclusion, more fine-tuning of substrate design would be
required to access a suitable 2-vinylaniline for cyclization to indole via our benzannulation.
toluene H
fO 110 'C, 2.5 h
"1" (73)
Bu MeOON 33% (90% purity) Bu N OMe
M CO 2Me (not optimized) CO2Me
107 234 275
(4.0 equiv)
169 For a review of N,O-acetals as nitrogen protecting groups, see: Kocienski, P. J. Protecting Groups, 3rd ed.;
Thieme: Stuttgart, 2004; pp 561-568.
Ne (72)
Bu NH
CO2Me
277
Bu N R
CO2Me
278276
We have developed a convenient two-step protocol for the synthesis of 4-hydroxy-1,2-
dimethylindoles. Benzannulation product 260 can be deprotected to yield aniline 261 that then
undergoes palladium-catalyzed oxidative amination to give indole 262 in good yield (eq 65-66).
Alternatively a one-pot procedure of cyclization-acid isomerization is possible.
Summary
(74)
Chapter 4
Synthesis of Indoles via Nucleophilic Cyclization
Background and Substrate Design
In considering approaches to the second step in our tandem strategy, we noted that the
intramolecular condensation of amino aldehydes of type 279 represents an attractive method for
the synthesis of indoles (eq 75). Aldehydes of this type and their derivatives are often not
isolable and serve as valuable intermediates en route to indoles. We envisioned that highly-
substituted aniline derivatives such as 283 and 284 would be suitable direct precursors to 4-
hydroxyindoles 281 and 282, respectively (Scheme 23). After considering different functional
groups that could serve as latent aldehyde equivalents, we decided to focus on benzannulation
products of types 285 and 286, in which the carbonyl group is masked as an olefin and as an
acetal. A successful tandem benzannulation-cyclization approach to highly-substituted indoles
based on the retrosynthetic analysis shown in Scheme 23 would depend on the appropriate
design of the substituents on the nitrogen atom. The choreography of the unveiling of the
reactive functional groups would need to be carefully planned so that efficient cyclization
involving the amino group instead of the hydroxyl group would be achieved.
9 i O  N (75)NH 2  H
279 280
Scheme 23
N
R R
KM
281 283 H
X- and
S .R
IN
H(OMe) 2
CO2 R CO2 R
285 286H
CO2R CO2R
282 284
Early studies of cyclizations involving aldehydes derived from alkenes of type 288 were
reported by Plieninger (eq 76).11,170 This strategy has since been applied in a number of total
syntheses of indole-containing natural products. 171 In these reactions, the olefin was transformed
to an aldehyde by ozonolysis or by Lemieux-Johnson type oxidative cleavage. Cyclization was
then usually effected under acidic conditions either in a one-pot procedure or as a separate step.
Formation of indoles from acetals of type 290 under acidic conditions has been reported for a
range of primary and secondary anilines, including those with alkyl and electron-withdrawing
substituents on the nitrogen (eq 77).172 It is of interest to note that these indole syntheses have
been applied in protecting group chemistry in which amides of types 287 and 290 (Z, R1 = COR)
served as protected carboxylic acids. 173 For deprotection, the amides were cyclized to
170 For recent applications of this strategy to dihydronaphthalenes of type 288 obtained from Diels-Alder reactions,
see the work of Kerr: ref 10.
171 (a) Ref 13. (b) Danhishefsky, S. J.; Phillips, G. B. Tetrahedron Lett. 1984, 25, 3159. (c) Maehr, H.; Smallheer, J.
J. Am. Chem. Soc. 1985, 107, 2943. (d) Saa, J. M.; Marti, C.; Garcia-Raso, A. J. Org. Chem. 1992, 57, 589. (e)
Ziegler, F. E.; Berlin, M. Y. Tetrahedron Lett. 1998, 39, 2455. (f) Boger, D. L.; Zarrinmayeh, H. J. Org. Chem.
1990, 55, 1379. (g) Ref 12.
172 (a) Sakamoto, T.; Kondo, Y.; Yamanaka, H. Heterocycles 1984, 22, 1347. (b) Tischler, A. N.; Lanza, T. J.
Tetrahedron Lett. 1986, 27, 1653. (c) Coe, J. W.; Vetelino, M. G.; Bradlee, M. J. Tetrahedron Lett. 1996, 37, 6045.
(d) Jackson, S. K.; Banfield, S. C.; Kerr, M. A. Org. Lett. 2005, 7, 1215.
173 (a) For applications involving 2-allylaniline, see: Barrett, A. G. M.; Bezuidenhoudt, B. C. B.; Dhanak, D.;
Gasiecki, A. F.; Howell, A. R.; Lee, A. C.; Russell, M. A. J. Org. Chem. 1989, 54, 3321. (b) For applications
involving methyl acetals of type 290, see: Arai, E.; Tokuyama, H.; Linsell, M. S.; Fukuyama, T. Tetrahedron Lett.
1998, 39, 71. (c) Gilley, C. B.; Buller, M. J.; Kobayashi, Y. Org. Lett. 2007, 9, 3631. (d) For applications involving
solid-supported acetals of type 290, see: Li, X.; Abell, C.; Ladlow, M. J Org. Chem. 2003, 68, 4189. (e) Li, X.;
Abell, C.; Congreve, M. S.; Warrington, B. H.; Ladlow, M. Org. Biomol. Chem. 2004, 2, 989.
acylindoles and then the acyl groups were released under basic conditions to give carboxylic
acids. Conditions have also been developed to directly provide other carboxylic acid derivatives.
NH
IZ 289NH
288
Z = H, COR, SOAr
x~- CH (OR)2 X (77)
NH
R1  R1
290 291
R = Me, Et, -(CH 2)3-R1 = H, Alkyl, COR, SO2Ar
Preparation of Cyclization Substrates via Benzannulation
During our development of a tandem benzannulation-cyclization strategy for the
synthesis of indoles involving nucleophilic cyclization as the second step, a wide range of
highly-substituted aniline derivatives were prepared via our benzannulation. Recall that in our
initial studies of this new variant of benzannulation, the conversion of the vinylcyclobutenone
intermediate to the aniline product appeared to be the rate limiting step and this step proceeded
efficiently at 110 oC (pp 67-68). Therefore, the standard conditions for benzannulations studied
subsequently involved heating a mixture of the two starting materials in refluxing toluene.
The synthesis of indoles via aldehydes derived from 2-allylanilines of type 285 was
investigated first. The 2-allylanilines selected for our study were synthesized by the reaction of
cyclobutenone 107 and the appropriate ynamide 218-220 (Table 14). While working on these
reactions we found that some ynamides substituted with electron-withdrawing alkyl groups on
the nitrogen atom were less reactive in the benzannulation under our standard conditions. For
example, reaction of one equivalent each of ynamide 220 and cyclobutenone 107 in refluxing
toluene gave the desired product 292 in moderate yield accompanied by about 18% of unreacted
ynamide (Table 14, entry 1). In this case a third product isolated was an ester derivative (292-E)
of the phenol benzannulation product. This byproduct is produced by nucleophilic addition of
the phenol to the vinylketene intermediate. The extent of this side reaction is dependent on the
reactants, solvents, and reaction conditions. In our previous work, if the ester side product was
present, then the crude reaction mixture was subjected to basic hydrolysis to provide the desired
product.
Table 14. Benzannulations of Cyclobutenone 107 and Allyl Ynamides 218-220
MeO-O\ M N - Ph\
N MeO2 MeSi t-Bu 2
Me02C Me02C t-Bu02C
218 219 220
toluene
4O conditions:
nr
then in some cases
5M KOH, MeOH
65 "C, 3-4 h
107 (1 equiv) (see Table)
OH
Bu N
CO2R
292-294
yield (%)a
entry equiv of ynamide aniline conditions hydrolysis anilineb ynamide ester
107
1 1.0 220 292 110 *C, 2.5 h no 49 18c 18c
2 1.2 220 292 140 *C, 5.5 h yes 84 d  Oe n.d.e
3 1.0 218 293 110 *C, 4 h no 62 34 b  oe
4 1.6 218 293 140 *C, 8 h yes 47 25 e  n.d.e
5 1.0 219 294 110 *C, 3 h no 66 10e  10b
a Yield based on ynamide. b Isolated yield of products purified by column chromatography. c Isolated
as a mixture of ynamide and ester after column chromatography. d 95% purity. e Estimated by 1H
NMR analysis of the reaction mixture after thermolysis (n.d. = present but not determined).
Bu'
21-220 _ '
O Bu
Bu N Ph
CO 2t-Bu
292-E
The yield of this benzannulation was improved when a slight excess of cyclobutenone
107 was reacted with ynamide 220 at 140 OC (Table 14, entry 2). In this case no unreacted
ynamide was detected in the crude reaction mixture in which aniline 292 and ester 292-E were
the main components. After hydrolysis the desired aniline 292 was obtained in 84% yield (95%
purity). We believe that at 140 OC the higher rate of [2 + 2] cycloaddition of the vinylketene and
ynamide 220 allows efficient consumption of the ynamide during the initial stages of the reaction
before enough phenol products are formed to react with the vinylketene.
Ynamide 218 also displayed poor reactivity under the standard benzannulation conditions
presumably due to the electron-withdrawing methoxymethyl group on the nitrogen atom.
Incomplete consumption of ynamide 218 was observed when one equivalent of each of the
starting materials reacted in refluxing toluene (Table 14, entry 3). However, in this case reaction
at 140 oC using an excess of cyclobutenone 107 did not improve the yield of the desired aniline
293 (Table 14, entry 4). Unreacted ynamide 218 was still detected in the reaction mixture after
thermolysis and the ynamide decomposed after treatment with base.
Finally, aniline 294 was also prepared and was formed in good yield under the standard
conditions from ynamide 219. However, this reaction was not optimized due to unfavorable
results obtained in subsequent reactions with this intermediate.
For the synthesis of acetals of type 286 we selected ynamide 221 as the 27t component for
the benzannulations. Reaction of ynamide 221 with 3-substituted cyclobutenones proceeded
smoothly in toluene at reflux (Table 15). Ester derivatives were not detected in the crude
reaction mixtures in these cases. In the case where cyclobutenone 182 (R = OEt) was used as the
vinylketene precursor, we observed unreacted ynamide 221 after complete consumption of the
cyclobutenone and the benzannulation product 298 was produced in somewhat lower yield (entry
3). The actual yield for this reaction is estimated to be ca. 77% based on recovered ynamide,
which was obtained albeit only in 90% purity due to difficulties in separating contaminants. We
believe the lower yield observed for this reaction indicates that the vinylketene derived from
cyclobutenone 182 is more reactive toward side reactions such as dimerization and
polymerization.
Table 15. Benzannulations of 3-Substituted Cyclobutenones and Ynamide 221
CH(OMe) 2  H
toluene
110 *C, 2 h CH (OMe)2
P 113R N Ph
R Ph N
cPh 2TMSE CO 2TMSE
221 (TMSE = CH2CH2SiMe 3) 296-299
entry R cyclobutenone (equiv) aniline yield (%)a
1 Bu 107 (1.0-1.1) 296 84
2 Ph 295 (1.0) 297 79
3 OEt 182 (1.5) 298 5 3-6 1 b
4 SnBu3  184 (1.2) 299 87
a Isolated yield of products purified by column chromatography.
b See comments in text.
2,3-Disubstituted cyclobutenones were also studied as benzannulation partners for
ynamide 221. As discussed previously, these cyclobutenones generate ketoketenes that are less
reactive in [2 + 2] cycloadditions with activated alkynes and higher reaction temperatures are
required for successful benzannulation (p 25). In our study, excess cyclobutenone 183 or 69 and
ynamide 221 were reacted in a degassed solution in a sealed tube at 135-155 *C. Major
screening results are presented in Table 16. Useful amounts of aniline 300 were not produced
from reaction in either CHCl3 or toluene (entries 1 and 2). It is possible that the vinylketene
derived from cyclobutenone 183 is particularly prone to side reactions. Although successful
benzannulation of cyclobutenones of type 183 and ynamides have been conducted (e.g., see eq
37, p 46), ynamide 221 carries bulky substituents on the nitrogen atom and the desired [2 + 2]
cycloaddition may be slowed significantly allowing side reactions to compete. On the other
hand, aniline 301 was produced from cyclobutenone 69 in reasonable yield when toluene was
used as the solvent (entry 6), although significant decomposition was observed when other
solvents were used (entries 3-5). The decomposition that occurred in the above reactions (entries
1-5) was not due to thermal instability of ynamide 221. This was confirmed by a control
experiment in which the ynamide was heated at 150 oC in benzene-d6 and in CDC13 for 16 h and
no significant change was observed.
Table 16. Benzannulations of 2,3-Disubstituted
CH(OMe)h
Me O .. (oMe
R PhN ,CO2TMS E
Cyclobutenones and Ynamide 221
OH
solvent
135-155 °C, time; , CH (OMe)2
then R N Ph
5M KOH, MeOH Me CO2TMSE65 *C, 2.5-12 h
183 R = OEt
69 R=Me
300 R = OEt
301 R =Me
entry cyclobutenone (equiv) solvent time (h) aniline yield (%)
la 183 (2.2) CHCl3  15 300 Ob
2 183 (2.0) toluene 16 300 <25c
3 69 (2.8) CHC13  21 301 <15c
4 69 (2.2) CICH2CH2C1 22 301 <40d
5a  69 (2.8) THF 22 301 oe
6 69 (1.8) toluene 49 301 63c
aNo hydrolysis was performed after thermolysis. b Mixture of uncharacterized
products. CIsolated yield of products purified by column chromatography. d
Estimated amount based on IH NMR analysis of the unpurified reaction
mixture. e Black solids and trace amounts of the desired product.
Reaction of ynamide 221 with diazo ketones using our "second-generation"
benzannulation protocol provided us with a number of polycyclic anilines (Table 17). For the
synthesis of compound 304 (entry 1), reaction conditions were based on results of extensive
studies conducted concurrently by Xiao Yin Mak, who found that slow addition of an excess of
diazo ketone 195 gave the optimal results in benzannulation with ynamide 168. For aryl
substituted diazo ketones (entries 2-3), the slow addition protocol was not necessary. In all cases,
some unreacted ynamide was present and purification was complicated due to the very similar
chromatographic properties of this ynamide and the benzannulation products. In the case of
diazo ketone 303 (entry 3), we found that after complete consumption of the diazo ketone only
arylcyclobutenone 306 was formed and it could be easily separated from the unreacted ynamide
by column chromatography. Cyclobutenone 306 was then transformed to the desired product
307 via thermolysis.
Table 17. Benzannulations of Diazo Ketones and Ynamide 221
diazo ketone
or conditions product yield (%)a
starting material
N2
1o
195
2.4 equiv added
at 0.004 mmol/min
over 5 h
0
N2
2
302
1.2 equiv
0 N2
3 d
303
1.5 equiv
hv (Hanovia 450W)
CH 2C12, 22 'C, 7.5 h;
toluene, 110 'C, 1 h
304 CO 2TMSE304
hv (Hanovia 450W)
CH2C12, 30 'C, 4 h;
toluene, 110 oC, 3 h
hv (Hanovia 450W)
CH2C12, 22 0 C, 2 h
JKJ CH(OMe)2
N Ph
CO02TMSE
305
toluene, 110 'C, 2 h
OH
- I CH(OMe) 2
N Ph
CO 2TMSE
307
a Isolated yield of products purified by column chromatography. bNot optimized. c Yield based on ynamide 221.
40 (90% purity)b
(Me
306
306
Oxidative Cleavage Approach for the Cyclization Step
We next focused our attention on the generation of aldehydes of types 283 and 284
(Scheme 23) from 2-allylanilines of type 285. Two operations were required to achieve this
transformation: oxidative cleavage of the terminal olefin and unveiling of the secondary amino
group. While not all of these studies were successful, we learned important lessons with regard
to the reactivity of these anilines and their derivatives. Some of the interesting results will be
discussed in this section.
We began by examining the oxidative cleavage of the allyl group in aniline 260. This
study was conducted concurrently with the work on the oxidation of N-allyl aniline 237 (see
Chapter 2 of Part II) and a similar range of conditions were tested. The dihydroxylation-
oxidative cleavage procedure again gave a single product in excellent yield. However, in this
case the desired aldehyde was isolated as hemiacetal 308. Cleavage of the BOC group in
hemiacetal 308 under acidic conditions was predicted to simultaneously allow reversible opening
of the hemiacetal and trapping of the aldehyde by the amino group to give the desired indole 309.
Unfortunately, dehydration of hemiacetal 308 to give benzofuran 310 was the major reaction
when hemiacetal 308 was treated with A1C13167 or TFA (eq 79). We next examined milder
conditions involving Me3SiI followed by basic aqueous workup for the deprotection of the tert-
butyl carbamate 174 but similar results were obtained. Presumably trace amounts of HI formed in
the reaction induced dehydration to benzofuran 310. Attempted BOC deprotection employing
catalytic ceric ammonium nitrate175 only caused decomposition of the starting material.
OH H
1) cat Os4, 1.1 equiv NMO
aq acetone, rt, 14 h
SMe (78)
Bu N 2) 2.8 equiv NaO 4-SiO2 ,Me
o 2 tu CH2CI2 , rt, 2 h BuCO2t-Bu
90% over two steps CO2 t-Bu
260 308
174 (a) Marsden, S. P.; Depew, K. M.; Danishefsky, S. J. J. Am. Chem. Soc. 1994, 116, 11143. (b) Stien, D.;
Anderson, G. T.; Chase, C. E.; Koh, Y.; Weinreb, S. M. J. Am. Chem. Soc. 1999, 121, 9574.
175 Hwu, J. R.; Jain, M. L.; Tsay, S.-C.; Hakimelahi, G. H. Tetrahedron Lett. 1996, 37, 2035.
conditions \
-+ (79)
Bu N Bu NH
Me Me
308 309 310
1.0 equiv AICI3
CH 2CI2, rt, 2 h minor major
15 equiv TFA
CH2CI12, rt, 2 h minor major
4.1 equiv Me3SilMeCN, rt, 1 h minor major
0.2 equiv CAN
MeCN, 80 °C, 2 h decomposition
The results described above prompted us to consider reversing the order of the
unmasking of the aldehyde and the secondary amino group. We envisioned that if we could
access aldehyde 312, the amino group would successfully compete with the hydroxyl group in
cyclization (Scheme 24). We therefore turned our attention to the oxidative cleavage of the allyl
group of aniline 261 or the 1,2-diol of aniline 311. Aniline 261 was obtained from
benzannulation product 260 by reaction with TFA (see p 82), while diol 311 was synthesized
from the same starting material via dihydroxylation followed by tert-butyl carbamate cleavage in
65% overall yield. Attempted synthesis of indole 309 by the ozonolysis of 261 in 20% MeOH-
CH2C 2 or CH2C12 at -78 'C followed by reduction of the ozonide with Me2S resulted in
complete decomposition. Treatment of aniline 261 with catalytic RuC13 in the presence of NaIO4
in aqueous MeCN 176 resulted in partial decomposition of 261 and none of the desired product
was detected. Similarly, oxidative cleavage of 1,2-diol 311 with NaIO4 in aqueous THF or with
NaIO 4-SiO 2 in CH2C12 led to decomposition. It is possible that some of the desired indole was
formed in these reactions but decomposed under the oxidative conditions. In this connection it is
significant to note that the oxidation of indoles by NaIO4 has been reported.177
176 Yang, D.; Zhang, C. J. Org. Chem. 2001, 66, 4814.177 (a) Dolby, L. J.; Booth, D. L. J. Am. Chem. Soc. 1966, 88, 1049. (b) Dolby, L. J.; Rodia, R. M. J. Org. Chem.
1970, 35, 1493. (c) Rivett, D. E.; Wilshire, J. F. K. Aust. J. Chem. 1971, 24, 2717. (d) Gatta, F.; Misiti, D. J.
Heterocycl. Chem. 1989, 26, 537.
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Bu NH
Me
261
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OH
Bu H
Me
312
OH
--.....--- Bu
Bu N5
Me
309
Numerous examples of cyclization of 2-allylanilines carrying alkoxy substituents on the
benzene ring to form indoles via sequential ozonolysis-acidic treatment have been
reported. 17 1acde g Therefore, we decided to mask the phenolic hydroxyl group and selected aryl
triflate 313 as our next target. We obtained this triflate by treatment of benzannulation product
292 with sodium hydride followed by N,N-phenyltrifluoromethanesulfonimide. Ozonolysis
followed by domino carbamate cleavage-cyclization under the action of p-TsOH then furnished
indole 315. Further optimization of this approach was not carried out because we decided to
focus on an alternate and more straightforward strategy for the synthesis of 4-hydroxyindoles
(vide infra).
Scheme 25
H
Bu N Ph
CO2t-Bu292
1.3 equiv NaH, THF, 0 "C, 15 min;
1.1 equiv PhNTf2 rt, 2 h;
then add 0.75 equiv NaH, 0 "C, 30 min
99%
Tf
Bu N Ph
CO 2t-Bu313
excess 03
20% MeOH-CH 2 CI2,-78 0;21 equiv Me2S, rt, 17 h
f
11 equiv p-TsOH*H20CH2CI2, rt, 2.5 h;
then add 11 equiv Et3N
67% (90% purity)
OTf
CHO
Bu N Ph
CO 2t-Bu
314
101
Scheme 24
OTf
Bu) N
\Ph
315
Concurrent with the studies described above, we also examined various means to access
carbamate 316 from benzannulation products 293 and 294. Carbamate 316 and the desired
indole 317 were expected to be less susceptible to decomposition under oxidative conditions due
to the electron-withdrawing effect of the carbamate group. For the deprotection of the N,O-
acetal in compound 293, it is of interest to note that we encountered similar difficulties as in the
same reaction of the analogous 2-vinylaniline 270. Under acidic conditions, small amounts of
the desired carbamate were obtained while other identifiable byproducts showed no olefinic
protons in their 1H NMR spectra, indicating possible reaction between the olefin and the iminium
ion intermediate. Attempted cleavage of the trimethylsilylethyl group in aniline 294 by
desilylation-elimination under the action of a wide range of fluoride sources caused no change in
the starting material. Several Lewis acidic conditions including BF 3*OEt2 and BF 3*2AcOH led
to decomposition of the starting material.
Although only a small amount of carbamate 316 was obtained, initial attempts to
synthesize indole 317 by oxidation-cyclization gave promising results. However, in view of our
failure to develop an efficient route to carbamate 316, we turned our attention to the cyclization
involving acetals as masked aldehyde equivalents.
Scheme 26
293 C02Me Un OH93Ii )
H Bu NH Bu N
N" CO2Me CO 2 Me
316 317
Bu /N SiMe3
CO 2Me
294
Acetal Cleavage Approach for the Cyclization Step
The tandem benzannulation-cyclization approach to indoles involving acetals such as 296
would require initial unveiling of a secondary amino group prior to cyclization under acidic
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conditions. Our study commenced with the investigation of this two-step sequence using
benzannulation product 296 as the test substrate. The first step is the removal of the
trimethylsilylethyl carbamate protecting group, which proceeded in good yield under the action
of excess TBAF at room temperature for 5-6 h (eq 80). With aniline derivative 318 in hand, we
began to examine its cyclization to an indole under acidic conditions. A number of organic and
mineral acids were screened, and the results are summarized in Table 18. We found that heating
is required when using organic acids in toluene (entries 1-5). The initial product formed in these
reactions is methoxyindoline intermediate 319178 and the conversion to the desired indole 320
was slow under the non-aqueous/non-protic conditions (entries 2, 4, and 5). We then examined
aqueous and methanolic acids for the reaction (entries 6-10). In the case of reactions carried out
in methanol, an indole dimer 321 (with tentative structure 321a or 321b) formed as a side
product. The ratio of 320 to 321 ranged from 95:5 to 75:25 as determined by analysis of 'H
NMR data of the crude reaction mixtures. Methanolic HCI was chosen as the best reagent based
on ease of handling, and reaction under our optimal conditions gave indole 320 in 75% yield
(entry 11). Under these conditions, only trace amounts of side product 321 were observed in the
unpurified material, presumably because of the shorter reaction time.
OH
5-7 equiv TBAF, THF H
CH(OMe) 2  rt, 4.5-5.5 h CH(OM) 2  (80)a CH(OMe)2 (80)
Bu N Ph 85-90% Bu N Ph
CO02TMSE H
296 318
103
178 Characterized by 1H NMR.
Table 18. Screening of Conditions for Cyclization of Acetal 318 to Indole 320
Me) 2 O
OH
BuA
\Ph
319
B
320
C
entry acid
1 cat. PPTS
2 cat. PPTS
3 cat. p-TsOH
4 cat. p-TsOH
1.8 equiv CSA-
quinoline
50% aq AcOH
IM H2S0 4
IM H2 S0 4
9 1M anhyd HCI
10 IM coned HCI
11 1M concd HCl
12 1M anhyd HCI
13 IM coned HCl
solvent
toluene
toluene
toluene
toluene
toluene
temp ("C)
rt
110
rt
80
time (h)
16
resultsa
3.5 B (maor) + C (minor)
15 B (major) + C (minor)
4 B (maor) + C (minor)
80-100
MeOH
aq MeOH
MeOH
aq MeOH
MeOH
THF
20 C (major) + D (minor)
decomposition
20
20
0.25
4
C (major) + D (minor)
C (major)+ D (minor)
C (7 5 %)b
C (major) + B (minor)
THF
a Determined by TLC analysis of reaction mixture unless otherwise
products purified by column chromatography.
stated. b Isolated yield of
The structure of the dimeric side product was tentatively assigned as 321a or 321b based
on an analysis of 1H NMR data. There are five singlet resonances in the aromatic region
between 6 and 7 ppm, and resonances corresponding to one methylene group and one methine
proton. This shows that one of the units in the dimer is an indoline. The C-2 connection of the
indoline portion was determined based on the downfield resonance of the methine proton at 4.57
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318
A
Dimer
321
ppm. The formation of analogous indole-indoline dimers has been reported previously. 179 All of
these previous dimers have a C-3 connection at the indole portion. In our case the C-2
connection (321b) cannot be ruled out because the C-4 hydroxyl group of indole 320 increases
the reactivity of C-2 toward electrophilic substitution.
8 4.57 (dd, J = 12.0, 8.8 Hz, 1 H)
82.94-3.07 , 1H)
OH OH
Bu Bu
Ph Ph
321a 321b
We next investigated a one-pot procedure for the above transformation. A study of the
stability of indole 320 under acidic conditions (Table 19) showed that this indole is stable in up
to 3M aqueous HCl in THF (entry 1) but other acidic conditions could cause dimerization and
decomposition. The initial screening discussed above (Table 18, entries 12-13) also showed that
the rate of conversion of intermediate 319 to indole 320 is higher in aqueous HC1 than in
anhydrous HCl when THF was used as the solvent. Based on these observations, the carbamate
deprotection and nucleophilic cyclization steps were conducted sequentially in one-pot. Cleavage
of the carbamate group in benzannulation product 296 with five equivalents of TBAF at room
temperature was allowed to proceed until completion was indicated by TLC analysis (5-8 h), and
then 6M HCl was added to give a 2M aqueous HC1 mixture (30 equiv acid). Reaction at room
temperature for 20 h provided indole 320 in 79-84% yield (eq 81).
179 (a) Bocchi, V.; Marchelli, R.; Zanni, V. Synthesis 1977, 343. (b) Somei, M.; Inoue, S.; Tlkutake, S.; Yamada, F.;
Kaneko, C. Chem. Pharm. Bull. 1981, 29, 726. (c) Pindur, U.; Witzel, H. Monatsheftefiir Chemie 1990, 121, 77.
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Table 19. Stability of Indole 320 under Acidic Conditions at Room Temperature
entry acid solvent time (h) results a
1 2.8M HC1 THF 17 no dimerization, only trace decomposition
2 2.8M HC1 EtOAc 15 ca. 90:10 320:321
3 60 equiv TFA CHC13  15 major decomposition and some dimerization
4 60 equiv TFA aq CHCI3  15 ca. 50:50 320:321
aDetermined by 1H NMR analysis of crude reaction mixtures.
H
5 equiv TBAF, THF H
CH(OMe) 2  rt, 5-8 h;
B -r v (81)Bu N Ph
CO2TMSE then add 6M HCI (30 equiv acid) Bu Nrt20 h \Ph
296 79-84% 320
The structural assignment of indole 320 followed from an analysis of 'H NMR, '3C NMR,
and IR data. The protons at C-2, C-3, and the methylene of the benzyl group showed 'H NMR
resonances in good agreement with those of related compounds previously reported in the
literature (e.g., see indole 322).180 A possible isomeric product, a 4-aminobenzofuran that might
have arisen from cyclization of the hydroxyl group, was ruled out based on 'H NMR data.
Secondary indolyl amino groups substituted with a benzyl group generally show methylene
resonances at 4-4.5 ppm.'"' In our indole product 320, the benzyl group methylene chemical
shift is at 5.28 ppm, farther downfield as expected because it is on an indole nitrogen. Moreover,
indole 320 displays an AM system for the C-2 and C-3 protons at 6.54 and 6.99 ppm,
respectively, with a coupling constant of 3.2 Hz. Benzofurans with a 4-nitrogen or oxygen
substituent show this AM system with smaller coupling constants of 1.8-2.2 Hz. 182
180 (a) Somei, M.; Tsuchiya, M. Chem. Pharm. Bull. 1981, 28, 3145. (b) Evans, D. A.; Scheidt, K. A.; Fandrick, K.
R.; Lam, H. W.; Wu, J. J. Am. Chem. Soc. 2003, 125, 10780. (c) Harayama, T.; Hori, A.; Abe, H.; Takeuchi, Y.
Tetrahedron 2004, 60, 1611.
181 (a) Torigoe, Y.; Akiyama, M.; Hirobe, M.; Okamoto, T.; Isogai, Y. Phytochemistry 1972, 11, 1623. (b) Mayer, S.;
Merour, J.-Y.; Joseph, B.; Guillaumet, G. Eur. J. Org. Chem. 2002, 1646.
182 (a) Liebeskind, L. S.; Wang, J. J. Org. Chem. 1993, 58, 2550. (b) Kn6lker, H.-J.; Wolfgang, F. Synthesis 2000,
2131.
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H H8 6. 54 (d, J = 3 .2 Hz, 1H) H 6.55 (d, J = 3.4 Hz, 1 H)
S 6 6.99 (d, J = 3.2 Hz, 1 H) H 8 7.62 (d, J = 3.4 Hz, 1H)
Bu N N
8 5.28 (s, 2H) P 5.33 (s, 2H)
320 322180c
Reports of the use of TFA to cleave the trimethylsilylethyl carbamate group183 prompted
us to investigate the use of TFA as the sole reagent for a domino reaction. Upon treatment of
carbamate 296 with an excess of TFA in aqueous MeCN or THF, no carbamate cleavage was
observed but transacetalization with the phenolic hydroxyl group provided a cyclic acetal. We
found that deprotection of the carbamate group required TFA and anhydrous conditions,
proceeding at optimal rate in chlorinated solvents (10-25 equiv TFA, CH 2C12 or ClCH2CH 2C1,
room temperature, 2 h). The deprotected aniline rapidly cyclized to methoxyindoline 319 but
further conversion to the desired indole 320 was very slow. An attempt to synthesize indole 320
from purified aniline 318 under similar conditions also stalled at the methoxyindoline stage. The
prospect of using a larger excess of TFA is not attractive due to the likelihood of indole
dimerization (Table 19, entries 3-4). In view of the success of the sequential TBAF-HCl
protocol, we did not further investigate the single-pot operation using TFA.
The scope of this cyclization approach was explored next. In addition to the
benzannulation products discussed in the second section of this chapter, some cyclization
substrates were synthesized from tributylstannane 299. This stannane was not a suitable
substrate for the cyclization due to protodestannylation which occurred as the major reaction
pathway under the required acidic conditions. However, we decided to make this stannane
mainly due to its potential as a precursor to other substrates with interesting substituents. Indeed,
we were able to obtain aryl ketone 323 and aryl iodide 324 in good yield by applying
straightforward chemistry of aryl stannanes (Scheme 27).184,185
183 (a) Trost, B. M.; Cossy, J. J. Am. Chem. Soc. 1982, 104, 6881. (b) Wood, J. L.; Thompson, B. D.; Yusuff, N.;
Pflum, D. A.; Mattius, M. S. P. J. Am. Chem. Soc. 2001, 123, 2097.
184 (a) For early work on palladium-catalyzed acylations of stannanes, see: Milstein, D.; Stille, J. K. J. Am. Chem.
Soc. 1978, 100, 3636. (b) Milstein, D.; Stille, J. K. J. Org. Chem. 1979, 44, 1613. (c) Labadie, J. W.; Tueting, D.;
Stille, J. K. J. Org. Chem. 1983, 48, 4634. (d) The acylation conditions were based on a procedure reported in:
Aguilar-Aguilar, A.; Pefia-Cabrera, E. Org. Lett. 2007, 9, 4163.
185 For similar iodinations of aryl stannanes obtained via benzannulation, see: ref 55.
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0.95 equiv Ph COC I
5 mol% PdCI2(MeCN) 2MeCN, rt, 2.5 h
then 2.5 mol% PdCI2(MeCN)2 , rt, 2.5 h
Ph
0 C0 2TMSE
323
Me)2
85%
CO2TMSE
324
The optimal protocol developed for the cyclization of benzannulation product 296 to
indole 320 was applied successfully to the synthesis of indoles with a variety of substitution
patterns on the six-membered ring of the indole system (Table 20). These indoles are yellow to
brown solids that are stable when stored under argon at -5 oC. However, indole 332 formed from
aniline 304 was an unstable oil undergoing decomposition to the corresponding indoloquinone
333 (Scheme 28). 186 For characterization purposes, this indole was converted to its acetate
derivative 330 in situ and this acetate was found to be stable to purification and storage. Another
complication with this case is that the conversion of methoxyindoline 331 to indole 332 was
slower than usual. In one case, a 6:94 mixture of methoxyindoline 331 and indole 332 was
obtained after 35 h in 60% combined yield (Scheme 28). Further work will be pursued in our
laboratory to determine the origins of this inconsistency in reactivity and stability. In particular,
4-hydroxy-6,7-dimethylindole (329) does not undergo air oxidation at appreciable rate under the
same reaction and storage conditions.
186 Determined by 'H NMR and IR analysis.
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Scheme 27
Table 20. Synthesis of Indoles
H
R3R CH(OMe) 2
N Ph
R' CO2TMSE
entry
1
2
3
4
5
6
aniline
296
297
298
323
324
301
5 equiv TBAF, TH F
rt, 5-8 h;
then add 6M HCI (30 equiv acid)
rt 16-20 h
R 1
H
H
H
H
H
Me
R2
Bu
Ph
OEt
COPh
I
Me
indole
320
325
326
327
328
329
7 304 H -(CH2) 4- 330b 57b
a Isolated yield of products purified by column chromatography. b Reaction
time after addition of acid was 41 h. Isolated as the acetate by reaction of
the unpurified product mixture with 2.2 equiv of Et3N and 1.2 equiv of
AcCI in CH2Cl2 at rt for 2.5 h.
Scheme 28
H
-N CH(OMe)2
N Ph
CO2TMSE
304
5 equiv TBAF, THF, rt, 8 h;
the add 6M HCI (30 equiv)
35 h
60%
OH
C NI-OMe
331 Ph
331
OH
6:94 \Ph
332
air
57%
see Table 20
(entry 7)
Ac
330 Ph330
major product
333
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yield(%/o)
79-84
78
85
87
53
74-80
Naphthalene derivatives 305 and 307 were subjected to the standard cyclization protocol
but a complex mixture of uncharacterized products was obtained in both cases (eq 82). Cleavage
of the carbamate by TBAF generally proceeded well as determined by 'H NMR analysis of
aliquots of the reaction mixture. The complication therefore was likely due to side reactions that
occurred during or after cyclization. An example of a related indole (336) has been reported
previously.187 Indole 336 was observed in 'H NMR studies to exist only as the keto form (337)
in CDCl3 but as a mixture of the enol from (336) and the keto form (337) in DMSO-d6 (eq 83).
The keto form (337) was reported to be prone to oxidation, so it is possible that in our case the
desired indoles are forming but undergoing decomposition due to adventitious oxygen.
OHTBAF;
HCICH(OMe) 2  H .
N Ph
R R CO2TMSE
(82)
I
305 R = H 334 R = H
307 R = -(CH 2)3- 335 R = -(CH2)3
CO2Et CO2Et 83)
OH Ph 0 Ph
336 337
Elaboration of Indoles
The indoles obtained from our tandem benzannulation-cyclization strategy were further
elaborated to N-unsubstituted indoles and indoles with useful functional groups at C-6. A
number of methods have been specifically developed for the deprotection of N-benzyl indoles. 88
We screened a range of typical conditions for the cleavage of N-benzyl group and identified
single electron reduction with lithium in a THF-liquid ammonia mixture as a satisfactory
187 Murakami, Y.; Watanabe, T.; Ishii, H. J. Chem. Soc., Perkin Trans. 1 1988, 3005.
188 (a) With A1CI3, see: Murakami, Y.; Watanabe, T.; Kobayashi, A.; Yokoyama, Y. Synthesis 1984, 738. (b)
Watanabe, T.; Kobayashi, A.; Nishiura, M.; Takahashi, H.; Usui, T.; Kamiyama, I.; Mochizuki, N.; Noritake, K.;
Yokoyama, Y.; Murakami, Y. Chem. Pharm. Bull. 1991, 39, 1152. (c) With LDA or MeLi, see: Suzuki, H.; Tsukuda,
A.; Kondo, M.; Aizawa, M.; Senoo, Y.; Nakajima, M.; Watanabe, T.; Yokoyama, Y.; Murakami, Y. Tetrahedron
Lett. 1995, 36, 1671. (d) With t-BuOK, 02, DMSO, see: Haddach, A. A.; Kelleman, A.; Deaton-Rewolinski, M. V.
Tetrahedron Lett. 2002, 43, 399.
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protocol for N-debenzylation of the indoles we have synthesized (eq 84). Conditions that were
screened using indole 320 as the test substrate and found not to be suitable included
A1Cl3/anisole, BF 3*OEt2/anisole, hydrogenation with Pd-C, transfer hydrogenolysis with
catalytic Pd-C and HCO2 NH4 or 1,4-cyclohexadiene, reduction with catalytic Pd(II) and
triethylsilane, and reduction with lithium naphthalenide. In most cases, no change to the indole
starting material was observed by TLC analysis. BF3*OEt2 caused some extent of dimerization,
whereas hydrogenolysis with catalytic Pd-C and HCO2NH4 led to decomposition.
20 equiv Li, TH F-NH 3(I)
-33 "C, 10-70 min
320 R1 = H R2 = Bu
329 R1 = R = Me
H
R2 NH
R1
138 R1 = H R2 = Bu 76-80%
339R1= R =Me 50%
6-Iodoindole 328 proved to be a versatile starting material for indoles with C-6
substitutions that would not have been easily derived from our usual vinylketene precursors.
Reaction of indole 328 and triisopropylsilylacetylene under standard Sonogashira coupling' 34
conditions provided 6-alkynylindole 340 in good yield. Ester 341 was obtained from the Heck
reaction of indole 328 and ethyl acrylate under Jeffery's conditions. 89
1.2 equiv TIPS acetylene
5 mol% PdCI 2(PPh3 )2
5 mol% Cul
Et3N rt 13 h
83%
2 equiv ethyl acrylate
6 mol% Pd(OAc)211 mol% PPh 3
1 equiv Bu4NBr
2.5 equiv K2C03
aq DMF 65 - 70 "C 4 h
68%
OH
N
(i-Pr)3Si Ph
340
OH
Et0 2 C N\Ph
341
189 Jeffery, T. Tetrahedron 1996, 52, 10113.
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(84)
H328
Ph
328
(85)
(86)
Summary
In conclusion, we have developed an efficient tandem benzannulation-cyclization
strategy for the synthesis of highly-substituted indoles. Benzannulation products were obtained
from both the "first-generation" and "second-generation" protocols of the Danheiser
benzannulation involving ynamide 221. Reaction with aryl stannane 299 provided substrates
with other interesting substituents. These amino acetals of type 342 were treated with TBAF for
the cleavage of the carbamate group followed by in situ addition of aqueous HCI to promote
cyclization to indoles. Further functionalization of these indole products was also readily
achieved. For example, the N-benzyl protecting group was cleaved in some cases to provide N-
unsubstituted indoles, and 6-iodoindole 328 was a versatile substrate for palladium-catalyzed
reactions. Further work to extend the scope of this indole synthesis and on its application in the
total synthesis of natural products will be pursued in our laboratory.
RI CH(OMe) 2  TBAF;HCI
RZ N Ph
R CO 2TMSE
342 343
112
(87)
Part III
Experimental Procedures
113
General Procedures. All reactions were performed in flame-dried or oven-dried
glassware under a positive pressure of argon and stirred magnetically unless otherwise indicated.
Air- and moisture-sensitive liquids and solutions were transferred via syringe or cannula and
were introduced into reaction vessels through rubber septa. Reaction product solutions and
chromatography fractions were concentrated by using a Biichi rotary evaporator at 15-20 mmHg
and then at 0.05 mmHg (vacuum pump) unless otherwise indicated. Thin layer chromatography
was performed on EMD (Merck) precoated glass-backed silica gel 60 F-254 250 Pim plates or
Baker-flex aluminum oxide IB-F precoated 200 gm flexible plastic sheets. Column
chromatography was performed on Sorbent Technologies silica gel 60 (32-63 gm or 40-63 gm)
or Aldrich aluminum oxide (activated, basic, Brockmann I, standard grade, - 150 mesh, 58A).
Slow addition from syringes were performed with an Orion M365 multi-range variable rate
infusion pump manufactured by Thermo Electron Corporation.
Materials. Commercial grade reagents and solvents were used without further
purification except as indicated below.
(a) Distilled under argon from calcium hydride: piperidine, pyridine, and triethylamine.
(b) Distilled under argon or vacuum:
benzoyl chloride (10 mmHg), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.2 mmHg), and
methyl chloroformate.
(b) Purified by pressure filtration through activated alumina: dichloromethane, diethyl ether, and
tetrahydrofuran.
(c) Purified by pressure filtration through activated alumina and Cu(II) oxide: toluene.
(e) Other:
Acetone was HPLC grade from Aldrich or Alfa and used as received.
Acetyl chloride was distilled under argon from 10% dimethylaniline.
Copper(I) iodide was extracted with THF for 24 h in a Soxhlet extractor and then dried under
vacuum (0.1 mmHg).
Dimethylformamide was EM Dri-Solv grade and used as received.
Methanol was dried over magnesium methoxide and then distilled under argon according to the
procedure of Burfield and Smithers. 190
190 Burfield, D. R.; Smithers, R. H. J. Org. Chem. 1983, 48, 2420.
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N-Bromosuccinimide was recrystallized from H20."'
Bis(triphenylphosphine)palladium(II) chloride was prepared according to the method of Heck 92
and was recrystallized from chloroform.
Propargyl bromide (80 wt% in toluene) was filtered through alumina and then distilled under
argon.
Sodium periodate supported on silica gel was prepared according to the procedure of Zhong and
Shing. 193
Instrumentation. Melting points were determined with a Fisher-Johns melting point
apparatus and are uncorrected. Infrared spectra were obtained using a Perkin Elmer 2000 FT-IR
spectrophotometer. 'H NMR spectra were recorded on Varian Mercury 300 (300 MHz), Bruker
Avance 400 (400 MHz), and Varian Inova 500 (500 MHz) spectrometers. 'H NMR chemical
shifts are expressed in parts per million (6) downfield relative to tetramethylsilane (with the
chloroform resonance at 7.27 ppm, the methyl resonance of toluene at 2.09 ppm, the methylene
chloride resonance at 5.32 ppm, or the acetone resonance at 2.05 ppm as a standard). 13C NMR
spectra were recorded on Bruker Avance 400 (100 MHz) and Varian Inova 500 (125 MHz)
spectrometers. '3C NMR chemical shifts are expressed in parts per million (6) downfield relative
to tetramethylsilane (with the chloroform resonance at 77.23 ppm or the acetone carbonyl carbon
resonance at 206.68 ppm as a standard). High resolution mass spectra (HRMS) were measured
on Bruker Daltonics APEXII 3 Tesla Fourier Transform and Bruker Daltonics APEXIV 4.7
Tesla mass spectrometers. Elemental analyses were performed by Complete Analysis
Laboratories Inc. of Parsippany, NJ.
191 Virgil, S. C. In Encyclopedia ofReagents for Organic Synthesis; Paquette, L. A., Ed.; Wiley: New York, 1995;
Vol. 1, p 768.
192 Heck, R. F. Palladium Reagents in Organic Synthesis; Academic Press: London, 1985; p 18.
'
93 Zhong, Y.-L.; Shing, T. K. M. J. Org. Chem. 1997, 62, 2622.
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MeO CO2 H + MeOH - MeONC02Me
199
Methyl N-Methoxymethylcarbamate (199). A 250-mL, three-necked, round-bottomed flask
equipped with a rubber septum, glass stopper, and reflux condenser fitted with an argon inlet
adapter was charged with methoxyacetic acid (6.4 mL, 7.6 g, 85 mmol, 1.0 equiv), 56 mL of
toluene, and Et3N (12 mL, 8.7 g, 86 mmol, 1.0 equiv). Diphenylphosphoryl azide (18 mL, 23 g,
85 mmol, 1.0 equiv) was added via syringe over 8 min (exothermic and vigorous evolution of
N2). The pale yellow mixture was allowed to stir for 30 min at which point the internal
temperature (measured by a thermocouple temperature probe through the rubber septum) was 60
'C. The rubber septum was replaced by a glass stopper, and the reaction mixture was heated at
85 'C for 90 min, during which time the evolution of N2 continued and then finally ceased. The
reaction mixture was allowed to cool to an internal temperature of 64 'C over 30 min and then
methanol (7.0 mL, 5.5 g, 173 mmol, 2.0 equiv) was added in one portion. The reaction mixture
was heated at 55-65 'C for 19 h. Additional methanol (3.5 mL, 2.8 g, 86 mmol, 1.0 equiv) was
added, and heating was continued at 55-65 'C for 90 min. After cooling to room temperature,
the reaction mixture was transferred to a 300-mL, one-necked, round-bottomed flask and
concentrated to a volume of ca. 50 mL. The residue was dissolved in 100 mL of EtOAc and
washed with two 70-mL portions of H20. The combined aqueous layers were extracted with two
75-mL portions of EtOAc, and the combined organic layers were washed with 100 mL of
saturated NaCI solution, dried over Na2SO 4, filtered, and concentrated to a volume of ca. 20 mL
at which point a white ppt appeared. The mixture was filtered with the aid of ca. 50 mL of
EtOAc, and the filtrate was concentrated to afford 5.308 g of a yellow oil. The combined
aqueous layers were again extracted with four 70-mL portions of Et20O, dried over Na2SO 4,
filtered, and concentrated to afford 2.353 g of a colorless oil. The combined aqueous layers were
further extracted with three 70-mL portions of EtOAc, dried over Na2SO 4, filtered, and
concentrated to a volume of ca. 10 mL at which point a white ppt appeared. This mixture was
dissolved in 40 mL of EtOAc and washed with 20 mL of H20, which was then extracted with
two 40-mL portions of EtOAc. The combined organic layers were dried over MgSO 4, filtered,
and concentrated to give 1.282 g of a pale yellow oil. The combined weight of the collected
material was 8.943 g. Column chromatography on 150 g of silica gel (elution with 30% EtOAc-
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hexanes) afforded a pale yellow oil containing a white solid. Filtration (without washing)
provided 5.201 g (52%) of carbamate 199 as a colorless oil: IR (film) 3341, 2992, 2950, 2824,
1716, 1533, 1257, and 1070 cm-1; 'H NMR (500 MHz, CDC13) 8 5.44 (br s, 1H), 4.65 (d, J= 7.0
Hz, 2H), 3.73 (s, 3H), and 3.36 (s, 3H); 13C NMR (125 MHz, CDC13, a mixture of two rotamers)
for major rotamer: 8 157.2, 73.4, 55.2, and 52.0; for minor rotamer: 8 157.2, 74.0, 55.0, and 52.5;
HRMS [M+Na] calcd for C4H9NO2: 142.0745, found 142.0746.
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Methyl N-2-(Trimethylsilyl)ethylcarbamate (200). A 250-mL, three-necked, round-bottomed
flask equipped with two rubber septa (one fitted with a thermocouple temperature probe) and a
reflux condenser fitted with an argon inlet adapter was charged with 3-trimethylsilylpropionic
acid (5.4 mL, 5.0 g, 35 mmol, 1.0 equiv) and 35 mL of toluene, then Et3N (4.9 mL, 3.6 g, 35
mmol, 1.0 equiv) was added over 3 min and then diphenylphosphoryl azide (7.6 mL, 9.7 g, 35
mmol, 1.0 equiv) was added via syringe over 8 min (internal temperature was 23-28 °C). The
rubber septa were replaced by glass stoppers, and the reaction mixture was heated at 80-95 "C
for 90 min, during which time the evolution of N2 was observed. The reaction mixture was
allowed to cool to an internal temperature of 60 "C over 30 min and then methanol (14 mL, 11 g,
346 mmol, 10 equiv) was added rapidly dropwise over ca. 3 min. The reaction mixture was
heated at 70 oC for 20 h. Excess methanol (14 mL, 11 g, 346 mmol, 10 equiv) was added, and
heating was continued at 80 oC for 20 h. After cooling to room temperature, the reaction mixture
was transferred to a 200-mL, one-necked, round-bottomed flask and concentrated to a volume of
ca. 20 mL. The residue was dissolved in 70 mL of Et20 and washed with two 40-mL portions of
H20. The combined aqueous layers were extracted with two 50-mL portions of Et20O, and the
combined organic layers were washed with 80 mL of saturated NaCl solution, dried over MgSO 4,
filtered, and concentrated to afford 6.768 g of a colorless oil. Column chromatography on 150 g
of silica gel (elution with 10% EtOAc-hexanes) afforded 5.132 g (84%) of carbamate 200 as a
colorless oil: IR (film) 3339, 2954, 1702, 1534, 1462, 1250, 1192, 1134, and 1027 cm-'; 1H
NMR (400 MHz, CDC13) 8 4.73 (br s, 1H), 3.62 (s, 3H), 3.13-3.24 (m, 2H), 0.76-0.80 (m, 2H),
and 0.00 (s, 9H); 13C NMR (125 MHz, CDCl3) 8 156.9, 51.9, 37.5, 18.2, and -1.5; HRMS
[M+Na]+ calcd for C7H17NO2Si: 198.0921, found 198.0923.
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2-(Trimethylsilyl)ethyl N-Benzylcarbamate (201). A 250-mL, three-necked, round-bottomed
flask equipped with a rubber septum fitted with a thermocouple temperature probe, glass stopper,
and reflux condenser fitted with an argon inlet adapter was charged with phenylacetic acid
(7.085 g, 52.0 mmol, 1.0 equiv), 70 mL of toluene, and Et3N (8.0 mL, 5.8 g, 58 mmol, 1.1 equiv).
Diphenylphosphoryl azide (11.7 mL, 15.0 g, 54 mmol, 1.0 equiv) was added via syringe over 20
min (exothermic) at a rate to maintain the internal temperature below 36 °C. The rubber septum
was replaced by a glass stopper, and the reaction mixture was heated at 85 'C for 2 h, during
which time the evolution of N2 was observed. The reaction mixture was allowed to cool to room
temperature, and 2-trimethylsilylethanol (9.0 mL, 7.4 g, 63 mmol, 1.2 equiv) was rapidly added
via syringe over ca. 2 min. The reaction mixture was then heated at 85-90 'C for 16 h. After
cooling to room temperature, the reaction mixture was transferred to a 300-mL, one-necked,
round-bottomed flask and concentrated to a volume of ca. 10 mL. This residue was dissolved in
150 mL of Et20, washed with two 100-mL portions of 10% NaOH solution and 100 mL of H20,
dried over MgSO 4, filtered, and concentrated to a volume of ca. 20 mL at which point a white
ppt appeared. This residue was filtered, washing with ca. 50 mL of Et20, and the filtrate was
concentrated to afford 12.8 g of a pale yellow gel. This material was titurated with 80 mL of
hexanes and cooled at -18 OC for I h. The white crystalline solid formed was filtered, washing
with ca. 30 mL of hexanes, and then the filtrate was concentrated to provide ca. 12 g of a yellow
oil containing a small amount of white solid. Column chromatography on 150 g of silica gel
(elution with 10% EtOAc-hexanes) provided 9.474 g (72%) of carbamate 201 as a pale yellow
oil: IR (film) 3334, 3065, 3032, 2953, 1697, 1530, 1454, 1250, 1179, 1135, 1060, and 1043 cm ;
1H NMR (400 MHz, CDC13) 8 7.25-7.39 (m, 5H), 4.95 (br s, 1H), 4.38 (d, J = 5.9 Hz, 2H), 4.20
(t, J= 8.5 Hz, 2H), 1.00 (t, J= 8.5 Hz, 2 H), 0.05 (s, 9H); '3C NMR (100 MHz, CDCl3) 8 156.9,
138.8, 128.6, 127.5, 127.4, 63.2, 44.9, 17.8, and -1.3; HRMS [M+Na]+ calcd for C13H 21NO 2Si:
274.1234, found 274.1242.
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4,4-Dimethoxybut-l-yne (207).125 A 250-mL, three-necked, round-bottomed flask equipped
with a rubber septum fitted with a thermocouple temperature probe, cold-finger reflux condenser,
and addition funnel fitted with an argon inlet adapter was charged with aluminum powder (2.7 g,
100 mmol, 1.5 equiv) and 20 mL of Et20. To this stirred suspension was added HgCl2 (0.100 g,
0.37 mmol, 1.0 equiv), and the reaction mixture was heated at 33 'C (bath temperature 50 oC) for
30 min. The oil bath was removed, and propargyl bromide solution (90 wt % in toluene, ca. 0.2
mL) was rapidly added dropwise over ca. 1 min via syringe. As soon as the reaction of
aluminum and propargyl bromide began (indicated by an increase in internal temperature), a
solution of propargyl bromide (90 wt % in toluene, 13.3 g, 101 mmol, 1.5 equiv) diluted with 40
mL of Et20O was added dropwise via the addition funnel over 30 min. During this addition the
internal temperature increased to 38 'C. The black suspension was kept at reflux for 1 h and
then allowed to cool to room temperature. After the solid settled, the supernatant solution was
transferred via cannula (rinse with 250 mL of Et20O) to a 1-L, three-necked, round-bottomed flask
equipped with a rubber septum fitted with a thermocouple temperature probe, glass stopper, and
argon inlet adapter. The solution was cooled at -78 'C while a solution of trimethyl
orthoformate (7.1 mL, 6.9 g, 65 mmol, 1.0 equiv) in 15 mL of Et20O was added via syringe over
20 min. The milky-white mixture was stirred at -78 'C for 15 min, and then cooled at -90 OC
while 90 mL of H20 was added in 10 portions over 45 min, while keeping the internal
temperature below -65 'C. The cold bath was removed and the reaction mixture was allowed to
warm to room temperature over 2 h. The organic layer was separated and the aqueous layer was
extracted with three 40-mL portions of Et2zO. The combined organic layers were washed with 80
mL of ice-cold aq 5M NaOH solution, two 80-mL portions of H20, dried over MgSO 4, and
filtered into a 1-L, one-necked, round-bottomed flask. Most of the Et20O was removed via
shortpath distillation at 35 'C (760 mmHg). The residue was next distilled through a 75-mm,
vacuum-jacketed Vigreux column topped with a Perkin triangle. Initially additional Et2zO
distilled at 35 'C (760 mmHg) after which the residue was transferred to a 50-mL, one-necked,
round-bottomed flask. Distillation was then continued to afford a forerun of 2.830 g of a
colorless oil (bp 30-66 'C, 75 mmHg) which was a mixture of the desired product, toluene, and
123
Et20. The desired acetal 207 distilled at 66-68 "C (75 mmHg) yielding 4.656 g (63%) of a
colorless oil: IR (film) 3291, 2940, 2834, 2124, 1448, 1423, 1364, 1241, 1194, 1123, and 1068
cm-1; 'H NMR (400 MHz, CDCl3) 8 4.56 (t, J= 5.6 Hz, 1H), 3.39 (s, 6H), 2.54 (dd, J= 5.6, 2.6
Hz, 2H), and 2.05 (t, J= 2.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) 5 102.4, 79.5, 70.3, 53.7, and
23.9; HRMS [M+Na]+ calcd for C6H100 2: 137.0573, found 137.0576.
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General Procedure for the Bromination of Terminal Acetylenes.
1-Bromo-4,4-dimethoxybut-1-yne (205). A 500-mL, one-necked, round-bottomed flask
equipped with a rubber septum and argon inlet needle was charged with alkyne 207 (4.699 g,
41.2 mmol, 1.0 equiv) and 200 mL of acetone. NBS (8.092 g, 45.5 mmol, 1.1 equiv) and silver(I)
nitrate (0.077 g, 0.45 mmol, 0.01 equiv) were added. The flask was wrapped in aluminum foil,
and the resulting mixture was stirred at room temperature for 1 h. The resulting cloudy mixture
was diluted with 600 mL of 1:1 Et20-pentane, extracted with 150 and 100-mL portions of 10%
Na2S20 5 solution, 150 mL of H20, and 150 mL of saturated NaCl solution, dried over MgSO 4,
filtered, and concentrated at 30 mmHg to yield 7.652 g (96%) of alkyne 205 as a colorless oil: IR
(film) 2993, 2939, 2833, 2224, 1446, 1421, 1362, 1238, 1193, 1121, 1071, 1037, and 1009 cm-1 ;
1H NMR (400 MHz, CDCl3) 6 4.54 (t, J= 5.4 Hz, 1H), 3.38 (s, 6H), 2.55 (d, J = 5.6 Hz, 2H);
13C NMR (125 MHz, CDCl3) 8 102.2, 75.3, 53.7, 40.2, and 25.0; HRMS [M+Na]+ calcd for
C6H9BrO 2: 214.9678, found 214.9686.
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1-Bromo-3-(tert-butyldimethylsiloxy)prop-1-yne (202). Reaction of alkyne 344 (1.954 g, 11.5
mmol, 1.0 equiv), NBS (2.250 g, 12.6 mmol, 1.1 equiv), and silver(I) nitrate (0.098 g, 0.58 mmol,
0.05 equiv) in 60 mL of acetone for 1 h according to the general procedure gave 2.741 g (96%)
of alkyne 202 as a pale yellow oil: IR (film) 2930, 2886, 2858, 2220, 1472, 1463, 1364, 1255,
and 1100 cm'-; 'H NMR (400 MHz, CDC13) 6 4.35 (s, 2H), 0.92 (s, 9H), and 0.13 (s, 6H); 13C
NMR (125 MHz, CDC13) 6 78.7, 52.6, 44.8, 25.9, 18.4, and -5.0; HRMS [M+H]+ calcd for
C9H17BrOSi: 249.0305, found 249.0316.
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N-Methoxycarbonyl-N-prop-2-enylprop-1-ynylamine (212). A 250-mL, three-necked, round-
bottomed flask equipped with a rubber septum, glass stopper, and addition funnel fitted with a
rubber septum and argon inlet needle was charged with carbamate 196 (0.860 g, 7.47 mmol, 1.0
equiv) and 30 mL of pyridine. The solution was cooled at 0 oC while 8.2 mL of KHMDS
solution (0.91 M in THF, 7.5 mmol, 1.0 equiv) was added via syringe over 5 min. The resulting
yellow slurry was stirred at 0 oC for 10 min, and then a solution of CuI (1.42 g, 7.47 mmol, 1.0
equiv) in 15 mL of pyridine was added via cannula in one portion (5-mL pyridine rinse). The ice
bath was removed, and the dark green reaction mixture was stirred at room temperature for 2 h.
A solution of iodo alkyne 211 (25 mL, 0.60 M in benzene, 15 mmol, 2.0 equiv) was then added
via the addition funnel over 1 h, and the resulting dark brown mixture was stirred at room
temperature for 22 h. The reaction mixture was diluted with 500 mL of Et2O and washed with
three 200-mL portions of a 2:1 mixture of saturated NaCI solution and concentrated NH40H
solution. The combined aqueous layers were extracted with three 75-mL portions of Et20, and
the combined organic layers were washed with 150 mL of saturated NaCl solution, dried over
MgSO 4, filtered, and concentrated to provide 2.81 g of a dark brown oil. Column
chromatography on 90 g of silica gel (elution with 10% EtOAc-hexanes) afforded 0.689 g of a
yellow oil, which was purified on 35 g of silica gel (elution with 10% EtOAc-hexanes) to give
0.629 g (55%) of ynamide 212 as a pale yellow oil: IR (film) 3085, 2956, 2920, 2858, 2271,
1726, 1646, 1446, 1396, 1370, 1343, 1299, 1281, 1236, 1192, and 1152 cm'; 'H NMR (500
MHz, CDC 3) 8 5.86 (ddt, J= 17.0, 10.5, 5.5 Hz, 1H), 5.27 (dd, J= 17.0, 1.0 Hz, 1H), 5.23 (dd, J
= 10.5, 1.0 Hz, 1H), 4.04 (d, J= 5.5 Hz, 2H), 3.81 (s, 3H), and 1.93 (s, 3H); 13C NMR (125 MHz,
CDCl3) 8 156.0, 131.9, 118.1, 72.4, 65.4, 53.9, 52.5, and 3.2; HRMS [M+Na] calcd for
CsH1lNO2: 176.0682, found 176.0683.
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General Procedure for the Synthesis of Ynamides via N-Alkynylation of Carbamates.194
N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-4,4-dimethoxybut-l-ynylamine (221). A 100-
mL, three-necked, round-bottomed flask equipped with a rubber septum, glass stopper, and
addition funnel fitted with a rubber septum and argon inlet needle was charged with carbamate
201 (1.355 g, 5.39 mmol, 1.0 equiv) and 22 mL of THF. The pale yellow solution was cooled at
0 'C while 5.9 mL of KHMDS solution (0.91 M in THF, 5.4 mmol, 1.0 equiv) was added via
syringe over 3 min. The resulting yellow solution was stirred at 0 oC for 10 min, and then
pyridine (11.0 mL, 10.8 g, 136 mmol, 25 equiv) and CuI (1.03 g, 5.41 mmol, 1.0 equiv) were
added. The ice bath was removed, and the dull green reaction mixture was stirred at room
temperature for 2 h, during which time the reaction mixture turned brown. A solution of bromo
alkyne 205 (2.14 g, 11.1 mmol, 2.1 equiv) in 10 mL of THF was added via the addition funnel
over 1 h, and the resulting dark brown mixture was stirred at room temperature for 18 h. The
reaction mixture was diluted with 120 mL of Et20 and washed with three 60-mL portions of a
2:1 mixture of saturated NaCl solution and concentrated NH40H solution. The combined
aqueous layers were extracted with two 40-mL portions of Et20, and the combined organic
layers were washed with 80 mL of saturated NaCl solution, 194 dried over MgSO 4, filtered, and
concentrated to provide 2.905 g of a brown oil. This material was dissolved in ca. 50 mL of
CH 2Cl 2 and concentrated onto 12 g of silica gel. The free flowing powder was added to the top
of a column of 150 g of silica gel and eluted with 10% EtOAc-hexanes to afford 1.623 g of a
mixture of ynamide 205 and unreacted carbamate 201 as a yellow oil. This material was
dissolved in ca. 25 mL CH2C12 and concentrated onto 8 g of activated basic aluminum oxide.
The free flowing powder was added on the top of a column of 90 g of activated basic aluminum
oxide and eluted with 10% EtOAc-hexanes to give 1.123 g (57%) of ynamide 221 as a pale
yellow oil (another run of the reaction on a larger scale provided the product in 69% yield): IR
(film) 2953, 2831, 2267, 1721, 1455, 1400, 1275, 1250, 1218, 1121, and 1067 cm-'; 'H NMR
194 For ynamides that do not carry acid-sensitive functional groups (such as the acetal in ynamide 221), the
combined organic layers were washed with two portions of ice-cold IM HCI solution to remove pyridine prior to
washing with saturated NaCl solution.
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(400 MHz, CDC13) 6 7.28-7.41 (m, 5H), 4.60 (s, 2H), 4.46 (t, J= 5.7 Hz, 1H), 4.28 (t, J= 8.5 Hz,
2H), 3.33 (s, 6H), 2.59 (d, J= 5.7 Hz, 2H), 1.06 (t, J= 8.4 Hz, 2H), and 0.05 (s, 9H); '3 C NMR
(100 MHz, CDC13) 8 155.8, 136.5, 128.5, 128.5, 127.9, 102.8, 75.5, 65.6, 53.7, 53.4, 53.4, 23.9,
17.6, and -1.3; HRMS [M+Na] calcd for C19H29NO4Si: 386.1758, found 386.1765.
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N-Methoxycarbonyl-N-prop-2-enyl-3-(tert-butyldimethylsiloxy)prop-1-ynylamine (213).
Reaction of a solution of carbamate 196 (0.584 g, 5.07 mmol, 1.0 equiv) in 20 mL of THF with
KHMDS (5.6 mL, 0.91 M in THF, 5.1 mmol, 1.0 equiv), pyridine (10 mL, 9.8 g, 123 mmol, 24
equiv), CuI (0.966 g, 5.07 mmol, 1.0 equiv), and bromo alkyne 202 (2.53 g, 10.2 mmol, 2.0
equiv) in 10 mL of THF for 22 h according to the general procedure gave 2.536 g of a brown oil.
This material was dissolved in ca. 20 mL of CH2C12 and concentrated onto 12 g of silica gel.
The free flowing powder was added to the top of a column of 120 g of silica gel and eluted with
0-5% EtOAc-hexanes to provide 1.4 g of a mixture of ynamide 213 and the diyne byproduct as a
brown oil. This material was purified by column chromatography on 70 g of silica gel (elution
with 0-2.5% EtOAc-hexanes) to afford 0.334 g of ynamide 213 as a yellow oil and 0.755 g of a
mixture of ynamide 213 and the diyne byproduct as a yellow oil. The mixed sample was purified
by column chromatography on 30 g of silica gel (elution with 0-2.5% EtOAc-hexanes) to give
0.199 g of ynamide 213 as a yellow oil and 0.361 g of a mixture of ynamide 213 and the diyne
byproduct as a yellow oil. This mixture was purified on 10 g of silica gel (elution with 1-2.5%
EtOAc-hexanes) to provide 0.253 g of ynamide 213 as a yellow oil. The total yield was 0.786 g
(55%) ofynamide 213 as a yellow oil: IR (film) 3086, 2956, 2930, 2858, 2255, 1736, 1646, 1444,
1392, 1361, 1297, 1280, 1253, 1237, and 1079 cm'; 'H NMR (400 MHz, CDCl3) 6 5.86 (ddt, J
= 17.1, 10.2, 6.0 Hz, 1H), 5.28 (dd, J= 17.7, 1.3 Hz, 1H), 5.24 (dd, J= 10.3, 1.2 Hz, 1H), 4.46 (s,
2H), 4.07 (d, J= 6.0 Hz, 2H), 3.81 (s, 3H), 0.92 (s, 9H), and 0.13 (s, 6H); 3 C NMR (125 MHz,
CDC13) 8 155.8, 131.6, 118.6, 78.6, 69.5, 54.1, 52.6, 51.9, 25.9, 18.4, and -4.9; HRMS [M+Na] +
calcd for C14H25NO3Si: 306.1496, found 306.1496.
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N-Methoxycarbonyl-N-prop-2-enyl-4-(tert-butyldimethylsiloxy)but-1-ynylamine (214).
Reaction of a solution of carbamate 196 (0.519 g, 4.50 mmol, 1.0 equiv) in 18 mL of THF with
KHMDS (5.0 mL, 0.91 M in THF, 4.55 mmol, 1.0 equiv), pyridine (9.0 mL, 8.8 g, 111 mmol, 25
equiv), CuI (0.857 g, 4.50 mmol, 1.0 equiv), and bromo alkyne 203 (2.373 g, 9.01 mmol, 2.0
equiv) in 9.0 mL of THF for 21 h according to the general procedure gave 2.578 g of a brown oil.
This material was dissolved in ca. 20 mL of CH2C12 and concentrated onto 13.5 g of silica gel.
The free flowing powder was added to the top of a column of 135 g of silica gel and eluted with
0-5% EtOAc-hexanes to provide 0.886 g (66%) of ynamide 214 as a yellow oil: IR (film) 3085,
2955, 2930, 2857, 2262, 1732, 1646, 1445, 1391, 1330, 1298, 1233, and 1105 cm'; 'H NMR
(400 MHz, CDC13) 8 5.86 (ddt, J= 17.0, 10.3, 6.0 Hz, 1H), 5.25 (d, J= 18.4 Hz, 1H), 5.23 (d, J
= 10.4 Hz, 1H), 4.04 (d, J= 5.9 Hz, 2H), 3.80 (s, 3H), 3.71 (t, J= 7.1 Hz, 2H), 2.51 (t, J= 7.1 Hz,
2H), 0.90 (s, 9H), and 0.08 (s, 6H); 13C NMR (100 MHz, CDC13) 5 156.0, 131.8, 118.3, 74.4,
67.0, 62.3, 53.9, 52.7, 25.9, 22.9, 18.4, and -5.1; HRMS [M+Na] calcd for C15H27NO3Si:
320.1652, found 320.1650.
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N-tert-Butoxycarbonyl-N-methyl-2-(trimethylsilyl)ethynylamine (215). Reaction of a
solution of carbamate 197 (4.847 g, 37.0 mmol, 1.0 equiv) in 150 mL of THF with KHMDS (41
mL, 0.91 M in THF, 37 mmol, 1.0 equiv), pyridine (70 mL, 68 g, 870 mmol, 23 equiv), Cul
(7.05 g, 37.0 mmol, 1.0 equiv), and iodo alkyne 209 (10.3 g, 46.0 mmol, 1.2 equiv) in 45 mL of
THF for 20 h according to the general procedure provided 10.954 g of a brown oil. This material
was dissolved in ca. 100 mL of CH2C12 and concentrated onto 30 g of silica gel. The free
flowing powder was added to the top of a column of 210 g of silica gel and eluted with 0-5%
EtOAc-hexanes to afford 5.587 g (66%) of ynamide 215 as a brown oil: IR (film) 2961, 2899,
2226, 2173, 1725, 1684, 1478, 1457, 1421, 1393, 1369, 1340, 1300, 1249, and 1155 cm-'; H
NMR (400 MHz, CDC13) 8 3.10 (s, 3H), 1.50 (s, 9H), and 0.18 (s, 9H); 13C NMR (100 MHz,
CDC13) 6 154.5, 97.9, 82.4, 70.6, 36.9, 28.1, and 0.4.
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N-tert-Butoxycarbonyl-N-methylpent-4-en-1-ynylamine (216). Reaction of a solution of
carbamate 197 (0.683 g, 5.21 mmol, 1.0 equiv) in 21 mL of THF with KHMDS (5.8 mL, 0.91 M
in THF, 5.3 mmol, 1.0 equiv), pyridine (10.0 mL, 9.78 g, 124 mmol, 23.8 equiv), Cul (0.992 g,
5.21 mmol, 1.0 equiv), and bromo alkyne 204 (13 mL, 0.60 M in benzene, 7.8 mmol, 1.5 equiv)
according to the general procedure afforded 2.235 g of a brown oil. Column chromatography on
110 g of silica gel (gradient elution 0-5% EtOAc-hexanes) gave 0.517 g of a yellow oil. This
material was further purified by column chromatography on 50 g of silica gel (elution with 3%
EtOAc-hexanes) to afford 0.436 g (43%) of ynamide 216 as a pale yellow oil: IR (film) 2980,
2934, 2267, 1720, 1642, 1478, 1457, 1421, 1369, 1318, 1254, and 1155 cm ; 'H NMR (400
MHz, CDC13) 6 5.83 (ddt, J= 16.8, 10.0, 4.8 Hz, 1H), 5.35 (br d, J= 16.8 Hz, 1H), 5.09 (dd, J=
10.0, 1.6 Hz, 1H), 3.07 (s, 3H), 3.04-3.06 (m, 2H), and 1.48 (s, 9H); 13C NMR (125 MHz, CDC13)
6 155.0, 133.2, 115.8, 82.1, 78.3, 64.8, 37.3, 28.2, and 22.9; HRMS [M+Na]+ calcd for
C11H 7NO2 : 218.1151, found 218.1156.
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N-Methoxycarbonyl-N-methoxymethyl-2-(trimethylsilyl)ethynylamine (217). Reaction of a
solution of carbamate 199 (2.068 g, 17.4 mmol, 1.0 equiv) in 70 mL of THF with KHMDS (19
mL, 0.91 M in THF, 17 mmol, 1.0 equiv), pyridine (35 mL, 34 g, 430 mmol, 25 equiv), Cul
(3.31g, 17.4 mmol, 1.0 equiv), and iodo alkyne 209 (24 mL, 0.88 M in benzene, 21 mmol, 1.2
equiv) for 20 h according to the general procedure gave 4.475 g of a brown oil. Column
chromatography on 90 g of silica gel (elution with 10% EtOAc-hexanes) afforded 1.517 g (41%)
of ynamide 217 as a yellow oil: IR (film) 2958, 2180, 1741, 1444, 1371, 1287, 1251, and 1099
cm-'; 1H NMR (500 MHz, CDC13) 6 4.92 (s, 2H), 3.85 (s, 3H), 3.47 (s, 3H), and 0.20 (s, 9H); 13C
NMR (125 MHz, CDC13) 6 155.5, 95.3, 82.4, 72.3, 57.3, 54.3, and 0.2.
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N-Methoxycarbonyl-N-methoxymethylpent-4-en-1-ynylamine (218). Reaction of a solution
of carbamate 199 (1.749 g, 14.7 mmol, 1.0 equiv) in 60 mL of THF with KHMDS (16.0 mL,
0.91 M in THF, 14.6 mmol, 1.0 equiv), pyridine (30 mL, 29 g, 368 mmol, 25 equiv), Cul (2.80 g,
14.7 mmol, 1.0 equiv), and bromo alkyne 204 (2.8 g, 19 mmol, 1.3 equiv) in 20 mL of THF for
20 h according to the general procedure gave 2.494 g of a brown oil. Column chromatography
on 50 g of silica gel (elution with 5-10% EtOAc-hexanes) afforded 0.831 g (31%) of ynamide
218 as a brown oil: IR (film) 3084, 2999, 2956, 2827, 2268, 1735, 1641, 1445, 1385, 1283, 1201,
1147, and 1099 cm-'; 1H NMR (500 MHz, CDC13) 6 5.85 (ddt, J= 17.0, 10.0, 5.0 Hz, 1H), 5.35
(doublet of app quartets, J = 17.0, 1.8 Hz, 1H), 5.13 (doublet of app quartets, J = 10.0, 1.8 Hz,
1H), 4.92 (s, 2H), 3.85 (s, 3H), 3.45 (s, 3H), and 3.10 (doublet of app triplets, J = 5.3, 1.8 Hz,
2H); 13C NMR (125 MHz, CDC13) 6 155.9, 132.7, 116.0, 82.0, 75.5, 66.6, 56.9, 54.2, and 22.8;
HRMS [M+H] calcd for C9H13NO3: 184.0968, found 184.0975.
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N-Methoxycarbonyl-N-2-(trimethylsilyl)ethylpent-4-en-1-ynylamine (219). Reaction of a
solution of carbamate 200 (2.423 g, 13.8 mmol, 1.0 equiv) in 55 mL of THF with KHMDS (15.5
mL, 0.91 M in THF, 13.8 mmol, 1.0 equiv), pyridine (28 mL, 27 g, 342 mmol, 25 equiv), Cul
(2.63 g, 13.8 mmol, 1.0 equiv), and bromo alkyne 204 (2.6 g, 18 mmol, 1.3 equiv) in 18 mL of
THF for 19 h according to the general procedure gave 4.4 g of a brown oil. Column
chromatography on 110 g of silica gel (elution with 0-5% EtOAc-hexanes) afforded 1.773 g
(54%) ofynamide 219 as a yellow oil: IR (film) 3085, 3013, 2954, 2894, 2262, 1727, 1642, 1441,
1392, 1286, 1250, 1196, and 1182 cm-; H NMR (400 MHz, CDC 3) 8 5.87 (ddt, J= 16.9, 10.0,
5.1 Hz, 1H), 5.36 (doublet of app quartets, J= 16.9, 1.8 Hz, 1H), 5.13 (doublet of app quartets, J
= 10.0, 1.7 Hz, 1H), 3.80 (s, 3H), 3.49-3.54 (m, 2H), 3.12 (doublet of app triplets, J= 5.1, 1.9 Hz,
2H), 0.98-1.03 (m, 2H), and 0.05 (s, 9H); 13C NMR (100 MHz, CDC13) 8 156.0, 133.1, 115.8,
75.9, 66.9, 53.8, 47.0, 22.9, 15.9, and -1.6; HRMS [M+H]+ calcd for C12H21NO2Si: 240.1414,
found 240.1414.
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N-Benzyl-N-tert-butoxycarbonylpent-4-en-1-ynylamine (220). Reaction of a solution of
carbamate 198 (0.522 g, 2.52 mmol, 1.0 equiv) in 10 mL of THF with KHMDS (2.8 mL, 0.91 M
in THF, 2.52 mmol, 1.0 equiv), pyridine (5.0 mL, 4.9 g, 62 mmol, 25 equiv), Cul (0.480 g, 2.52
mmol, 1.0 equiv), and bromo alkyne 204 (0.478 g, 3.30 mmol, 1.3 equiv) in 3.5 mL of THF for
26 h according to the general procedure gave 0.738 g of a brown oil. This material was
dissolved in ca. 10 mL of CH2C12 and concentrated onto 4 g of silica gel. The free flowing
powder was added to the top of a column of 35 g of silica gel and eluted with 0-10% EtOAc-
hexanes to provide 0.392 g (57%) of ynamide 220 as a yellow oil: IR (film) 3065, 3033, 2980,
2933, 2263, 1718, 1642, 1497, 1477, 1455, 1390, 1368, 1294, and 1161 cm-1; 1'H NMR (400
MHz, CDC13) 6 7.28-7.39 (m, 5H), 5.81 (ddt, J= 16.8, 10.0, 5.2 Hz, 1H), 5.27 (doublet of app
quartets, J= 16.8, 2.0 Hz, 1H), 5.07 (doublet of app quartets, J= 10.0, 1.7 Hz, 1H), 4.58 (s, 2H),
3.04 (br s, 2H), and 1.50 (br s, 9H); 13C NMR (100 MHz, CDC13) 6 154.4, 136.7, 132.8, 128.4,
128.0, 127.6, 115.6, 82.1, 66.1, 54.4, 52.9, 28.0, and 22.7; HRMS [M+Na] + calcd for C17H21N0 2:
294.1465, found 294.1473.
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General Procedure for the Desilylation of Silyl Ynamides.
N-tert-Butoxycarbonyl-N-methylethynylamine (230): Method A. A 100-mL, one-necked,
round-bottomed flask equipped with a rubber septum and argon inlet needle was charged with
ynamide 215 (1.119 g, 4.92 mmol, 1.0 equiv) and 45 mL of THF. The solution was cooled at -
78 'C while a solution of TBAF (1.0 M in THF, 5.4 mL, 5.4 mmol, 1.1 equiv) was added over 2
min by syringe. The resulting viscous brown mixture was stirred at -78 'C for 5 min and then
warmed to room temperature in a water bath (25 'C) over ca. 10 min. The reaction mixture was
diluted with 100 mL of Et 20 and washed with two 80-mL portions of water. The combined
aqueous phases were extracted with two 50-mL portions of Et20. The combined organic layers
were washed with 80 mL of saturated NaCl solution, dried over MgSO 4, filtered, and
concentrated to give 0.881 g of a brown oil. Column chromatography on 45 g of silica gel
(elution with 2.5% EtOAc-hexanes) afforded 0.599 g (79%) of ynamide 230 as a colorless oil.
Method B. A 25-mL, one-necked, round-bottomed flask equipped with a rubber septum and
argon inlet needle was charged with ynamide 215 (0.241 g, 1.06 mmol, 1.0 equiv), 5.0 mL of
methanol, and K2C0 3 (0.220 g, 1.59 mmol, 1.5 equiv). The yellow suspension was stirred at
room temperature for 20 min, and the resulting cloudy mixture was diluted with 20 mL of
saturated NH4Cl solution and extracted with 20 mL of Et20. The aqueous layer was diluted with
50 mL of H20 to dissolve the white solid that appeared and extracted with two 15-mL portions
of Et20. The combined organic layers were washed with 25 mL of saturated NaCl solution,
dried over MgSO4, filtered, and concentrated to provide 0.126 g (76%) of ynamide 230 as a
yellow oil: IR (film) 3301, 2982, 2936, 2150, 1725, 1422, 1370, 1336, 1280, and 1154 cm-1; 'H
NMR (500 MHz, CDC13) 68 3.11 (s, 3H), 2.76 (s, 1H), 1.51 (s, 9H).
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N-Methoxycarbonyl-N-methoxymethylethynylamine (230). Reaction of a solution of
ynamide 217 (1.202 g, 5.58 mmol, 1.0 equiv) in 50 mL of THF with TBAF (1.0 M in THF, 6.1
mL, 6.1 mmol, 1.1 equiv) for 5 min according to general procedure A gave 0.732 g of a dark
brown oil. Column chromatography on 15 g of silica gel (elution with 10% EtOAc-hexanes)
afforded 0.611 g of a yellow oil. This material was further purified by column chromatography
on 30 g of silica gel (elution with 5% EtOAc-hexanes) to give 0.477 g (60%) of ynamide 233 as
a colorless oil: IR (film) 3002, 2956, 2244, 1737, 1444, 1372, 1276, 1202, 1147, and 1087 cm-';
'H NMR (500 MHz, CDC13) 6 4.94 (s, 2H), 3.88 (s, 3H), 3.46 (s, 3H), 2.87 (s, 1H); ' 3C NMR
(125 MHz, CDC13) 6 155.2, 81.6, 75.7, 58.8, 56.7, and 54.1.
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N-tert-Butoxycarbonyl-N-methylbut-3-en-1-ynylamine (228). A 100-mL, one-necked, round-
bottomed, Schlenk reaction flask equipped with rubber septum and argon inlet side arm was
charged with PdC12(PPh3)2 (0.214 g, 0.305 mmol, 0.05 equiv), ynamide 230 (0.947 g, 6.10 mmol,
1.0 equiv), and 20 mL of piperidine. The yellow solution was cooled at 0 oC while vinyl
bromide (0.850 mL, 1.29 g, 12.1 mmol, 2.0 equiv) was added via syringe in one portion. The
reaction mixture was stirred for 15 min at 0 oC and then Cul (0.116 g, 0.609 mmol, 0.1 equiv)
was added. The rubber septum was replaced with a glass stopper and the Teflon valve on the
side arm was closed to keep the reaction mixture under a blanket of argon. After 5 min, the cold
bath was removed. The flask was wrapped in aluminum foil and the reaction mixture was
allowed to stir at room temperature for 80 min. The resulting reddish brown mixture was filtered
through a column of silica gel (30 mm high and 25 mm wide) with the aid of 50 mL of Et20.
The filtrate was washed with three 30-mL portions of 50% NH4C1 solution, and the combined
aqueous phases were extracted with two 15-mL portions of Et20. The combined organic layers
were washed with 30 mL of saturated NaCl solution, dried over MgSO 4, filtered, and
concentrated to afford 1.351 g of a brown oil. This material was dissolved in ca. 20 mL CH 2C12
and concentrated onto 5 g of silica gel. The free flowing powder was added to the top of 110 g
of silica gel and eluted with 5% EtOAc-hexanes to provide 0.490 g (44%) of ynamide 228 as a
pale yellow oil: IR (film) 2980, 2935, 2238, 1724, 1607, 1478, 1457, 1424, 1369, 1352, 1307,
1255, and 1154 cm-1; 'H NMR (500 MHz, CDC13) 6 5.89 (dd, J= 17.0, 11.0 Hz, 1H), 5.47 (d, J
= 17.5 Hz, 1H), 5.32 (dd, J= 11.0, 2.0 Hz, 1H), 3.13 (s, 3H), and 1.50 (s, 9H); 13C NMR (100
MHz, CDC13) 8 154.2, 123.1, 116.9, 85.7, 82.4, 68.6, 37.2, and 28.0; HRMS [M+Na] + calcd for
C10H15NO2: 204.0995, found 204.0999.
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General Procedure for the Synthesis of Highly-Substituted Aniline Derivatives: Method A,
via the Benzannulation of Cyclobutenones and Ynamides with Two Stages of Heating.
N-Methoxycarbonyl-N-prop-2-enyl-(5-butyl-3-hydroxy-2-methylphenyl)amine (237). A 10-
mL, one-necked, round-bottomed flask equipped with a reflux condenser fitted with an argon
inlet adapter was charged with ynamide 212 (0.262 g, 1.71 mmol, 1.0 equiv), cyclobutenone 107
(0.219 g, 1.76 mmol, 1.0 equiv) and 2.1 mL of toluene. The yellow solution was heated at 75-90
'C for 2 h, at reflux for 3 h, and then allowed to cool to room temperature. Concentration
provided 0.475 g of an orange solid, which was dissolved in 10 mL of CH 2Cl 2 and concentrated
onto 2 g of silica gel. The free flowing powder was added to the top of a column of 48 g of silica
gel and eluted with 30% EtOAc-hexanes to afford 0.370 g (78%) of 237 as a pale yellow solid:
mp 94-95 OC; IR (film) 3344, 2956, 2929, 2858, 1675, 1619, 1586, 1515, 1456, 1391, 1318, and
1272 cm-; 1H NMR (500 MHz, toluene-ds, 90 'C) 6 6.51 (s, 1H), 6.32 (s, 1H), 5.84-5.92 (m,
1H), 5.12 (br s, 1H), 4.97 (dd, J= 17.3, 1.0 Hz, 1H), 4.93 (dd, J= 10.5, 1.0 Hz, 1H), 4.27 (br s,
1H), 3.91 (br s, 1H), 3.45 (s, 3H), 2.40 (t, J= 7.8 Hz, 2H), 2.05 (s, 3H), 1.50 (app quintet, J= 7.5
Hz, 2H), 1.28 (app sextet, J= 7.3 Hz, 2H), and 0.87 (t, J= 7.3 Hz, 3H); 13C NMR (125 MHz,
CDC13, 20 'C, mixture of two rotamers) for major rotamer: 6 156.5, 154.6, 141.6, 141.0, 133.3,
120.4, 119.7, 118.3, 114.5, 53.6, 53.2, 35.2, 33.4, 22.4, 14.1, and 10.6; additional resonances
appeared for the minor rotamer at: 8 155.0, 133.6, 120.3, 117.8, and 114.9; HRMS [M+Na] +
calcd for C16H23NO3: 300.1570, found 300.1567; Anal. Calcd for C16H23NO3: C, 69.29; H, 8.36;
N, 5.05. Found: C, 69.21; H, 8.36; N, 4.98.
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N-Methoxycarbonyl-N-prop-2-enyl-[5-butyl-2-(tert-butyldimethylsiloxy)methyl-3-
hydroxyphenyl]amine (241). Reaction of a solution of ynamide 213 (0.354 g, 1.25 mmol, 1.0
equiv) and cyclobutenone 107 (0.160 g, 1.29 mmol, 1.0 equiv) in 1.6 mL of toluene at 80 'C for
90 min and then at reflux for 2 h according to general procedure A gave 0.508 g of an orange oil.
Column chromatography on 20 g of silica gel (elution with 10% EtOAc-hexanes) afforded 0.433
g (85%) of 241 as a pale yellow solid: mp 60-62 'C; IR (film) 3339, 3081, 2955, 2858, 1711,
1680, 1628, 1579, 1461, 1388, 1313, 1254, 1194, 1148, and 1054 cm-; 1H NMR (400 MHz,
CDC13) 8 8.66 (s, 1H), 6.67 (d, J= 1.6 Hz, 1H), 6.46 (s, 1H), 5.86-5.94 (m, 1H), 5.14 (d, J= 10.1
Hz, 1H), 5.13 (d, J= 17.1 Hz, 1H), 4.76-4.83 (m, 2H), 4.22 (dd, J= 14.5, 6.2 Hz, 1H), 4.00 (dd,
J= 14.7, 6.7 Hz, 1H), 3.64 (s, 3H), 2.53 (t, J= 7.7 Hz, 2H), 1.57 (app quintet, J= 7.6 Hz, 2H),
1.34 (app sextet, J= 7.4 Hz, 2H), 0.93 (s, 9H), 0.92 (t, J= 7.6 Hz, 3H), 0.14 (s, 3H), and 0.13 (s,
3H); 13C NMR (125 MHz, CDCl3) 8 157.6, 156.0, 144.1, 138.4, 133.0, 119.5, 118.8, 118.7,
116.3, 61.8, 53.8, 53.1, 35.2, 33.2, 25.8, 22.4, 18.2, 14.0, -5.4, and -5.5; Anal. Calcd for
C22H37NO4Si: C, 64.82; H, 9.15; N, 3.44. Found: C, 64.78; H, 9.18; N, 3.48.
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N-Methoxycarbonyl-N-prop-2-enyl-[5-butyl-2(tert-butyldimethylsiloxy)ethyl-3-
hydroxyphenyl]amine (242). Reaction of a solution of ynamide 214 (0.379 g, 1.27 mmol, 1.0
equiv) and cyclobutenone 107 (0.212 g, 1.71 mmol, 1.3 equiv) in 1.6 mL of toluene at 90 'C for
2 h and then at reflux for 90 min according to general procedure A gave 0.607 g of a light brown
solid. This material was dissolved in ca. 10 mL of CH2C12 and concentrated onto 3 g of silica gel.
The free flowing powder was added to the top of a column of 50 g of silica gel and eluted with
20% EtOAc-hexanes to provide 0.501 g (94%) of 242 as a light yellow solid: mp 95.5-95.7 'C;
IR (KBr pellet) 3320, 2956, 2930, 2858, 1710, 1680, 1619, 1584, 1460, 1387, 1256, and 1083
cm-1 ; H NMR (400 MHz, CDCl 3) 8 8.57 (s, 1H), 6.75 (s, 1H), 6.50 (s, 1H), 5.84-5.94 (m, 1H),
5.12 (d, J= 9.6 Hz, 1H), 5.10 (d, J= 17.4 Hz, 1H), 4.28 (dd, J= 14.4, 5.8 Hz, 1H), 3.92 (dd, J=
14.7, 6.8 Hz, 1H), 3.75-3.91 (m, 2H), 3.62 (s, 3H), 2.70-2.86 (m, 2H), 2.53 (t, J= 7.7 Hz, 2H),
1.57 (app quintet, J= 7.6 Hz, 2H), 1.33 (app sextet, J= 7.4 Hz, 2H), 0.92 (s, 9H), 0.89-0.92 (m,
3H), 0.10 (s, 3H), and 0.09 (s, 3H); 13C NMR (100 MHz, CDCl 3) 6 156.8, 156.4, 143.1, 140.5,
133.2, 122.4, 120.3, 118.5, 116.9, 65.0, 54.1, 52.9, 35.2, 33.2, 29.2, 25.9, 22.4, 18.4, 14.1, and -
5.5; Anal. Calcd for C23H39NO4Si: C, 65.52; H, 9.32; N, 3.32. Found: C, 65.49; H, 9.29; N, 3.35.
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N-tert-Butoxycarbonyl-N-methyl-(5-butyl-2-ethenyl-3-hydroxyphenyl)amine (270).
Reaction of a solution of ynamide 228 (0.209 g, 1.15 mmol, 1.0 equiv) and cyclobutenone 107
(0.289 g, 2.33 mmol, 2.0 equiv) in 1.4 mL of toluene at 90 oC for 2.5 h and then at reflux for 90
min according to general procedure A gave 0.477 g of a brown oil. Column chromatography on
26 g of silica gel (elution with 20% EtOAc-hexanes) afforded 0.264 g (75%; ca. 95% purity) of
aniline 270 as a brown oil: : IR (film) 3315, 2958, 2931, 2872, 1700, 1669, 1613, 1574, 1437,
1367, 1287, 1255, and 1155 cm-'; '1H NMR (400 MHz, CDC13, mixture of two rotamers) for
major rotamer: 8 6.68 (s, 1H), 6.57 (dd, J= 18.4, 11.6 Hz, 1 H), 6.54 (s, 1H), 5.65 (dd, J= 18.4,
1.4 Hz, 1H), 5.59 (dd, J= 11.6, 1.8 Hz, 1H), 5.50 (s, 1H), 3.10 (s, 3H), 2.54 (t, J= 7.6 Hz, 2H),
1.50-1.60 (m, 4H), 1.34 (s, 9H), and 0.93 (t, J= 7.4 Hz, 3H); for the minor rotamer the resonance
of the tert-butyl group appears at 5 1.51 (s, 9H); 13C NMR (100 MHz, CDCl3, mixture of two
rotamers) for major rotamer: 8 155.5, 154.8, 143.7, 142.4, 130.1, 119.7, 119.6, 119.3, 114.7, 80.1,
37.2, 35.3, 33.2, 28.4, 22.2, and 14.0; for minor rotamer: 8 155.4, 154.4, 144.0, 142.0, 130.1,
120.1, 119.6, 119.3, 115.3, 80.5, 38.1, 35.3, 33.0, 28.6, 22.6, and 14.0.
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107 216 260
General Procedure for the Synthesis of Highly-Substituted Aniline Derivatives: Method B,
via Benzannulation of Cyclobutenones and Ynamides in Toluene at Reflux.
N-tert-Butoxycarbonyl-N-methyl-(5-butyl-3-hydroxy-2-prop-2-enylphenyl)amine (260). A
25-mL, one-necked, round-bottomed flask equipped with a reflux condenser fitted with an argon
inlet adapter was charged with ynamide 216 (0.430 g, 2.20 mmol, 1.0 equiv), cyclobutenone 107
(0.362 g, 2.90 mmol, 1.3 equiv), and 2.8 mL of toluene. The light brown solution was heated at
reflux for 80 min, allowed to cool to room temperature, and then concentrated to give 0.830 g of
a brown oil. Column chromatography on 90 g of silica gel (elution with 10% EtOAc-hexanes)
provided 0.635 g (90%) of 260 as a light yellow solid: mp 82-85 'C; IR (film) 3323, 3077, 2958,
2931, 2859, 1668, 1616, 1584, 1435, 1385, 1367, 1340, 1253, and 1156 cm-'; 'H NMR (500
MHz, CDC13, mixture of two rotamers) for major rotamer: 8 6.62 (s, 1H), 6.54 (s, 1H), 5.92-6.00
(m, 1H), 5.11-5.18 (m, 2H), 5.07 (s, 1H), 3.24-3.36 (m, 2H), 3.10 (s, 3H), 2.53 (t, J= 7.5 Hz,
2H), 1.49-1.60 (m, 4H), 1.33 (s, 9H), and 0.91 (t, J = 7.3 Hz, 3H); for the minor rotamer the
resonance of the tert-butyl group appears at 8 1.52 (s, 9H); 13C NMR (125 MHz, CDC13, mixture
of two rotamers) for major rotamer: 8 155.7, 155.2, 143.1, 142.7, 136.1, 120.3, 120.1, 116.1,
115.0, 80.4, 37.7, 35.1, 33.4, 29.9, 28.4, 22.2, and 14.1; for minor rotamer: 6 155.7, 155.2, 143.1,
142.7, 137.0, 121.4, 119.5, 115.5, 115.2, 79.9, 38.6, 35.3, 33.2, 30.2, 28.6, 22.6, and 14.1;
HRMS [M+Na]+ calcd for C19H29NO3: 342.2040, found 342.2039; Anal. Calcd for C19H 29N0 3 :
C, 71.44; H, 9.15; N, 4.38. Found: C, 71.49; H, 9.15; N, 4.38.
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107 218 293
N-Methoxycarbonyl-N-methoxymethyl-(5-butyl-3-hydroxy-2-prop-2-enylphenyl)amine
(293). Reaction of a solution of ynamide 218 (0.173 g, 0.94 mmol, 1.0 equiv) and cyclobutenone
107 (0.117 g, 0.94 mmol, 1.0 equiv) in 1.2 mL of toluene at reflux for 4 h according to general
procedure B gave 0.300 g of a brown oil. Column chromatography on 12 g of silica gel (elution
with 10-20% EtOAc-hexanes) afforded 0.058 g (34%) of unreacted ynamide 218 as a brown oil
and 0.178 g (62%) of aniline 293 as a thick yellow oil that solidified on storage at -5 oC: mp 72-
74 'C; IR (film) 3328, 2953, 2931, 2858, 1676, 1584, 1513, 1455, 1401, 1386, 1338, 1317, and
1203 cm-'; 1H NMR (400 MHz, CDCl3, ca. 80:20 mixture of rotamers) for major rotamer: 8 6.68
(s, 1H), 6.64 (s, 1H), 5.81-6.06 (m, 1H), 5.28 (s, 1H), 5.01-5.22 (m, 3H), 4.70 (d, J= 10.1 Hz,
1H), 3.65 (s, 3H), 3.45 (s, 3H), 3.20-3.42 (m, 2H), 2.54 (t, J= 7.8 Hz, 2H), 1.58 (app quintet, J=
7.6 Hz, 2H), 1.36 (app sextet, J = 7.4 Hz, 2H), and 0.93 (t, J = 7.3 Hz, 3H); additional
resonances appeared for the minor rotamer at: 8 5.38 (s, 1H) and 3.83 (s, 3H); 13C NMR (100
MHz, CDCl3) 8 157.2, 155.2, 143.0, 140.2, 135.9, 121.3, 120.8, 116.1, 115.8, 81.8, 56.8, 53.3,
35.2, 33.2, 30.2, 22.5, and 14.1; Anal. Calcd for C17H25NO4: C, 66.43; H, 8.20; N, 4.56. Found:
C, 66.49; H, 8.28; N, 4.48.
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107 219 294
N-Methoxycarbonyl-N-2-trimethylsilylethyl-(5-butyl-3-hydroxy-2-prop-2-
enylphenyl)amine (294). Reaction of a solution of ynamide 219 (0.595 g, 2.50 mmol, 1.0 equiv)
and cyclobutenone 107 (0.309 g, 2.50 mmol, 1.0 equiv) in 3.0 mL of toluene at reflux for 3 h
according to general procedure B gave 0.920 g of a brown oil. Column chromatography on 40 g
of silica gel (elution with 10-20% EtOAc-hexanes) afforded 0.603 g (66%) of aniline 294 as a
yellow solid: mp 100-101.5 'C; IR (KBr pellet) 3375, 2956, 2930, 1676, 1617, 1584, 1459, 1394,
1322, and 1249 cm'; 1H NMR (400 MHz, CDCl3) 6 6.68 (s, 1H), 6.55 (s, 1H), 5.85-6.05 (m,
1H), 5.36 (s, 1H), 5.10-5.20 (m, 2H), 3.66-3.84 (m, 1H), 3.60 (s, 3H), 3.37-3.49 (m, 1H), 3.22-
3.37 (m, 2H), 2.55 (t, J= 7.6 Hz, 2H), 1.59 (app quintet, J= 7.6 Hz, 2H), 1.35 (app sextet, J=
7.4 Hz, 2H), 0.93 (t, J= 7.3 Hz, 3H), 0.80-0.89 (m, 2H), and -0.02 (s, 9H); 13C NMR (100 MHz,
CDC13) 8 156.4, 155.5, 142.7, 140.4, 136.0, 121.2, 120.9, 116.3, 115.4, 52.9, 47.4, 35.2, 33.3,
30.4, 22.4, 16.2, 14.1, and -1.6; Anal. Calcd for C20H33NO3Si: C, 66.07; H, 9.15; N, 3.85. Found:
C, 65.94; H, 9.09; N, 3.82.
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107 221 296
N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[5-butyl-3-hydroxy-2-(2,2-
dimethoxyethyl)phenyl]amine (296). Reaction of a solution of ynamide 221 (0.657 g, 1.81
mmol, 1.0 equiv) and cyclobutenone 107 (0.256 g, 2.06 mmol, 1.1 equiv) in 2.0 mL of toluene at
reflux for 100 min according to general procedure B provided 0.864 g of a yellow oil, which was
dissolved in ca. 10 mL of CH 2C12 and concentrated onto 5 g of silica gel. The free flowing
powder was added to the top of a column of 85 g of silica gel and eluted with 15% EtOAc-
hexanes to afford 0.748 g (85%) of acetal 296 as a viscous yellow oil: IR (film) 3321, 2954,
2932, 1700, 1670, 1624, 1572, 1437, 1408, 1361, 1315, 1296, 1251, and 1115 cm'; 'H NMR
(500 MHz, CDC 3, ca. 72:28 mixture of rotamers) for major rotamer: 6 8.03 (s, 1H), 7.15-7.30
(m, 5H), 6.70 (d, J= 1.5 Hz, 1H), 6.30 (s, 1H), 4.81 (d, J= 14.0 Hz, 1H), 4.61 (d, J= 14.0 Hz,
1H), 4.10-4.50 (m, 3H), 3.39 (br s, 3H), 3.32 (br s, 3H), 2.62 (d, J= 5.3 Hz, 2H), 2.48 (t, J= 7.6
Hz, 2H), 1.51 (app quintet, J= 7.6 Hz, 2H), 1.30 (app sextet, J= 7.4 Hz, 2H), 0.92 (t, J= 7.4 Hz,
3H), 0.89 (br s, 2H), and -0.05 (s, 9H); additional resonances appeared for the minor rotamer at:
8 6.40 (s, 1H), 1.17 (br s, 2H), and 0.11 (s, 9H); 13C NMR (125 MHz, CDCl 3) 8 156.6, 156.5,
143.4, 141.0, 137.6, 129.6, 128.5, 127.8, 121.2, 118.9, 117.1, 105.6, 64.2, 54.8, 53.6, 35.2, 33.2,
30.5, 22.3, 17.9, 14.1, and -1.5 (one additional resonance at 129.1 for the minor rotamer); HRMS
[M+Na] calcd for C27H41NO5Si: 510.2646, found 510.2635.
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N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[3-hydroxy-2-(2,2-dimethoxyethyl)-5-
phenylphenyl]amine (297). Reaction of a solution of ynamide 221 (0.350 g, 0.96 mmol, 1.0
equiv) and cyclobutenone 295 (0.138 g, 0.96 mmol, 1.0 equiv) in 1.2 mL of toluene at reflux for
90 min according to general procedure B gave 0.501 g of a viscous yellow oil. This material was
dissolved in ca. 10 mL of CH2C12 and concentrated onto 2.5 g of silica gel. The free flowing
powder was added to the top of a column of 45 g of silica gel and eluted with 0-20% EtOAc-
hexanes to provide 0.383 g (79%) of acetal 297 as a viscous yellow oil: IR (film) 3305, 3032,
2952, 2833, 1699, 1668, 1621, 1563, 1454, 1409, 1322, 1250, 1115, and 1069 cm'; 'H NMR
(400 MHz, CDCl3, ca. 73:27 mixture of rotamers) for major rotamer: 8 8.21 (s, 1H), 7.17-7.49
(m, 10H), 7.14 (d, J= 1.8 Hz, 1H), 6.75 (s, 1H), 4.86 (d, J= 14.1 Hz, 1H), 4.72 (d, J= 14.3 Hz,
1H), 4.07-4.50 (m, 3H), 3.40 (s, 3H), 3.32 (s, 3H), 2.65 (d, J= 4.4 Hz, 2H), 0.81-0.94 (m, 2H),
and -0.08 (s, 9H); additional resonances appeared for the minor rotamer at: 8 8.26 (s, 1H), 6.86 (s,
1H), 1.08-1.21 (m, 2H), and 0.10 (s, 9H); 3C NMR (100 MHz, CDCl3) 8 157.1, 156.4, 141.7,
141.4, 140.0, 137.5, 129.7, 128.8, 128.6, 127.9, 127.6, 126.9, 120.9, 119.8, 115.6, 105.5, 64.4,
54.9, 53.7, 30.6, 17.9, and -1.4; HRMS [M+Na] calcd for C29H37NO5Si: 530.2333, found
530.2316.
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N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[5-ethoxy-3-hydroxy-2-(2,2-
dimethoxyethyl)phenyl]amine (298). Reaction of a solution of ynamide 221 (0.360 g, 0.99
mmol, 1.0 equiv) and cyclobutenone 182 (0.168 g, 1.50 mmol, 1.5 equiv) in 1.2 mL of toluene at
reflux for 90 min according to general procedure B gave 0.539 g of a dark brown oil. This
material was dissolved in ca. 10 mL of CH2C12 and concentrated onto 3 g of silica gel. The free
flowing powder was added to the top of a column of 51 g of silica gel and eluted with 20%
EtOAc-hexanes to provide 0.289 g (61%) of 298 as a yellow solid: mp 103-105 'C; IR (KBr
pellet) 3333, 2985, 2961, 1659, 1617, 1589, 1512, 1438, 1375, 1324, 1283, 1173, 1125, and 1042
cm-'; 'H NMR (400 MHz, CDCl3, ca. 75:25 mixture of rotamers) for major rotamer: 8 8.17 (s,
1H), 7.13-7.34 (m, 5H), 6.44 (d, J= 2.6 Hz, 1H), 6.12 (s, 1H), 4.73 (s, 2H), 3.96-4.43 (m, 3H),
3.79-3.95 (m, 2H), 3.35 (s, 3H), 3.27 (s, 3H), 2.51 (d, J= 5.1 Hz, 2H), 1.34 (t, J= 6.9 Hz, 3H),
0.82-0.96 (m, 2H), and -0.06 (s, 9H); additional resonances appeared for the minor rotamer at: 8
6.20 (s, 1H), 1.04-1.22 (m, 2H), and 0.08 (s, 9H); 13C NMR (100 MHz, CDCl3) 5 158.9, 157.6,
156.2, 141.9, 137.4, 129.5, 128.5, 127.7, 114.1, 107.5, 105.6, 103.3, 64.3, 63.4, 54.7, 53.6, 30.2,
17.9, 14.8, and -1.5; Anal. Calcd for C25H37NO6Si: C, 63.13; H, 7.84; N, 2.94. Found: C, 63.09;
H, 7.85; N, 2.89.
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N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[3-hydroxy-2-(2,2-dimethoxyethyl)-5-
tributylstannylphenyl]amine (299). Reaction of a solution of ynamide 221 (0.587 g, 1.61
mmol, 1.0 equiv) and cyclobutenone 184 (0.688 g, 1.93 mmol, 1.2 equiv) in 2.0 mL of toluene at
reflux for 2 h according to general procedure B gave 1.301 g of a brown oil. Column
chromatography on 60 g of silica gel (elution with 15% EtOAc-hexanes) afforded 1.011 g (87%)
of 299 as a golden brown oil: IR (film) 3324, 2955, 2927, 2852, 1700, 1669, 1550, 1456, 1410,
1359, 1289, 1249, 1116, and 1040 cm'; 1H NMR (400 MHz, CDCl 3, ca. 74:26 mixture of
rotamers) for major rotamer: 8 8.02 (s, 1H), 7.13-7.32 (m, 5H), 6.97 (s, 1H), 6.51 (s, 1H), 4.87 (d,
J= 14.1 Hz, 1H), 4.57 (d, J= 14.1 Hz, 1H), 4.08-4.53 (m, 3H), 3.38 (br s, 3H), 3.31 (br s, 3H),
2.64 (d, J= 4.7 Hz, 2H), 1.37-1.58 (m, 6H), 1.30 (app sextet, J= 7.3 Hz, 6H), 0.99-1.20 (m, 2H),
0.96 (t, J = 8.1 Hz, 6H), 0.88 (t, J = 7.3 Hz, 9H), and -0.09 (s, 9H); additional resonances
appeared for the minor rotamer at: 8 8.08 (s, 1H) and 0.09 (s, 9H); '3C NMR (125 MHz, CDC13)
8 156.5, 156.0, 142.3, 140.6, 137.5, 129.5, 128.8, 128.5, 127.7, 124.6, 121.3, 105.5, 64.2, 54.9,
53.5, 30.7, 29.1, 27.4, 17.8, 13.8, 9.6, and -1.4 (one additional resonance at 54.8 for the minor
rotamer); HRMS [M+Na]+ calcd for C35H59NOsSiSn: 744.3094, found 744.3063.
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107 220 292
N-Benzyl-N-tert-butoxycarbonyl-(5-butyl-3-hydroxy-2-prop-2-enylphenyl)amine (292). A
threaded Pyrex tube (O.D. 13 mm; length 10.2 cm) equipped with a rubber septum and argon
inlet needle was charged with ynamide 220 (0.072 g, 0.27 mmol, 1.0 equiv), cyclobutenone 107
(0.040 g, 0.32 mmol, 1.2 equiv), and 0.4 mL of toluene. The yellow solution was degassed (four
freeze-pump-thaw cycles at -196 oC, 0.05 mmHg) and then the tube was sealed with a threaded
teflon cap. The reaction mixture was heated at 140 oC for 5.5 h, allowed to cool to room
temperature, and then concentrated to give 0.115 g of a yellow oil. This material was transferred
to a 25-mL, one-necked, round-bottomed flask equipped with a cold-finger condenser with argon
inlet side arm, and 2 mL of MeOH and 1 mL of 5M KOH solution were added. The reaction
mixture was heated at 65-70 'C for 4 h and then allowed to cool to room temperature. The
resulting brown mixture was diluted with 10 mL of Et20 and washed with 10 mL of IM HCl
solution. The pH of the aqueous layer was adjusted to 7 using 5M KOH solution and then
extracted with two 10-mL portions of Et20O. The combined organic layers were washed with 20
mL of saturated NaCl solution, dried over MgSO 4, filtered, and concentrated to provide 0.107 g
of a yellow oil. Column chromatography on 2 g of silica gel (elution with 10% EtOAc-hexanes)
gave 0.090 g (84%; ca. 95% purity) of aniline 292 as a yellow solid: mp 102.5-104.5 'C; IR
(KBr pellet) 3373, 2963, 2931, 2859, 1662, 1585, 1438, 1405, 1336, 1157, and 1140 cm'; 1H
NMR (400 MHz, CDCl3, ca. 65:35 mixture of rotamers) for major rotamer: 6 7.14-7.36 (m, 5H),
6.58 (s, 1H), 6.27 (s, 1H), 5.59-5.74 (m, 1H), 5.17 (s, 1H), 5.06-5.14 (m, 2H), 4.86 (d, J= 14.5
Hz, 1H), 4.47 (d, J= 14.2 Hz, 1H), 3.15-3.28 (m, 1H), 3.10 (dd, J= 16.2, 6.3 Hz, 1H), 2.43 (t, J
= 7.3 Hz, 2H), 1.46 (app quintet, J= 7.5 Hz, 2H), 1.35 (s, 9H), 1.17-1.30 (m, 2H), and 0.88 (t, J
= 7.3 Hz, 3H); additional resonances appeared for the minor rotamer at: 6 6.41 (s, 1H), 5.74-5.92
(m, 1H), 5.39 (s, 1H), and 1.53 (s, 9H); 13C NMR (100 MHz, CDCl3 , mixture of two rotamers)
for major rotamer: 6 155.5, 155.3, 142.5, 141.1, 137.9, 136.2, 129.3, 128.4, 127.5, 121.7, 120.3,
116.7, 115.3, 80.7, 53.9, 35.1, 33.3, 30.3, 28.5, 22.1, and 14.1; additional resonances appeared
179
for the minor rotamer at: 6 136.9, 128.7, 121.3, 121.0, 116.0, 115.7, and 54.9; Anal. Calcd for
C25H33NO3 : C, 75.91; H, 8.41; N, 3.54. Found: C, 75.91; H, 8.48; N, 3.63.
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N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[3-hydroxy-2-(2,2-dimethoxyethyl)-5,6-
dimethylphenyl]amine (301). A threaded Pyrex tube (O.D. 13 mm; length 10.2 cm) equipped
with a rubber septum and argon inlet needle was charged with ynamide 221 (0.172 g, 0.47 mmol,
1.0 equiv), cyclobutenone 69 (0.083 g, 0.86 mmol, 1.8 equiv), and 1.0 mL of toluene. The
yellow solution was degassed (three freeze-pump-thaw cycles at -196 OC, 0.05 mmHg) and then
the tube was sealed with a threaded teflon cap. The reaction mixture was heated at 145 'C for 49
h, allowed to cool to room temperature, and then concentrated to give 0.252 g of a yellow oil.
Filtration through a column of silica gel (3 cm wide, 1 cm high) with the aid of 50 mL of 20%
EtOAc-hexanes and concentration gave 0.237 g of an ester derivative of the desired product.
This material was transferred to a 25-mL, one-necked, round-bottomed flask equipped with a
cold-finger condenser with argon inlet side arm, and 2 mL of MeOH and 2 mL of 5M KOH
solution were added. The reaction mixture was heated at 65-70 'C for 2.5 h and then allowed to
cool to room temperature. The resulting brown mixture was diluted with 30 mL of Et20 and
washed with 15 mL of 1M HCI solution. The pH of the aqueous layer was adjusted to 7 using ca.
2 mL of 10% NaOH solution and then extracted with two 15-mL portions of Et20. The
combined organic layers were washed with 30 mL of saturated NaCl solution, dried over MgSO 4,
filtered, and concentrated to provide 0.213 g of a yellow oil. This material was dissolved in ca.
10 mL of CH2C12 and concentrated onto 1 g of silica gel. The free flowing powder was added to
the top of a column of 11 g of silica gel and eluted with 15% EtOAc-hexanes to afford 0.182 g of
a yellow oil. This material was further purified by column chromatography on 15 g of silica gel
(elution with 15% EtOAc-hexanes) to give 0.144 g of a pale yellow oil. This material was taken
up in 25 mL of Et20, washed with three 10-mL portions of saturated NaHCO 3 solution and 15
mL of saturated NaCl solution, dried over MgSO4, filtered, and concentrated to provide 0.137 g
(63%) of acetal 301 as a pale yellow oil: IR (film) 3328, 3031, 2951, 2834, 1698, 1619, 1575,
1495, 1456, 1408, 1361, 1312, 1251, and 1116 cm-1; 'H NMR (400 MHz, CDCl3 , ca. 80:20
mixture of rotamers) for major rotamer: 5 7.81 (s, 1H), 7.06-7.28 (m, 5H), 6.72 (s, 1H), 4.91 (d, J
182
= 14.0 Hz, 1H), 4.25 (d, J= 13.9 Hz, 1H), 3.99-4.35 (m, 3H), 3.28 (s, 3H), 3.14 (s, 3H), 2.35 (d,
J = 5.3 Hz, 2H), 2.17 (s, 3H), 1.79 (s, 3H), 0.76-0.92 (m, 2H), and -0.12 (s, 9H); additional
resonances appeared for the minor rotamer at: 6 7.79 (s, 1H), 4.87 (d, J= 14.0 Hz, 1H), 3.30 (s,
3H), 3.16 (s, 3H), 1.88 (s, 3H), 1.12-1.17 (m, 2H), and 0.07 (s, 9H); 13C NMR (100 MHz, CDC13,
mixture of two rotamers) for major rotamer: 6 156.6, 154.0, 139.7, 137.6, 137.1, 130.1, 128.5,
127.9, 126.3, 119.2, 118.7, 105.6, 64.2, 55.1, 54.5, 52.8, 31.1, 20.6, 18.0, 14.3, and -1.5; for
minor rotamer: 6 155.7, 154.1, 140.1, 137.7, 136.9, 129.8, 128.5, 128.0, 126.2, 119.7, 118.9,
105.8, 64.3, 55.6, 54.3, 52.8, 31.1, 20.6, 18.2, 14.4, and -1.2; HRMS [M+Na]+ calcd for
C25H37NO5Si: 482.2333, found 482.2334.
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N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[[1-hydroxy-2-(2,2-dimethoxyethyl)-5,6,7,8-
tetrahydronaphthalen-3-yl]amine (304). A solution of ynamide 221 (0.313 g, 0.86 mmol, 1.0
equiv) in 2.8 mL of CH2C 2 was distributed equally between two 25-cm quartz tubes (I.D. 15 mm)
fitted with rubber septa and argon inlet needles. A 15-mL Pyrex tube fitted with a rubber septum
and argon inlet needle was charged with diazo ketone 195 (0.310 g, 2.07 mmol, 2.4 equiv) and
5.8 mL of CH2C12. Both solutions were degassed by three freeze-pump-thaw cycles at -196 OC,
0.05 mmHg. The solution of diazo ketone was taken up in two 5-mL glass syringes wrapped in
aluminum foil and fitted with 20-gauge, 20-cm steel needles. The upper portions (ca. 18-cm
length) of the quartz tubes were wrapped in aluminum foil and the tubes were positioned ca. 3
cm from a Hanovia 450 W lamp cooled in a quartz immersion well. The quartz tubes and the
immersion well were partially submerged in a room temperature water bath contained in a 2-L
beaker wrapped in aluminum foil. The diazo ketone solution was added to the reaction tubes via
syringe pump over ca. 5 h (0.5 mL CH2C12 wash) while the reaction mixture was irradiated and
then irradiation was continued for 90 min. The combined reaction mixture was concentrated to
provide 0.583 g of an orange oil which was transferred with the aid of 5 mL of toluene to a 25-
mL, one-necked, round-bottomed flask equipped with a cold-finger condenser with argon inlet
side arm. The solution was heated at reflux for 1 h, allowed to cool to room temperature, and
then concentrated to give 0.550 g of an orange oil. This material was dissolved in ca. 10 mL of
CH 2C12 and concentrated onto 3.5 g of silica gel. The free flowing powder was added to the top
of a column of 55 g of silica gel and eluted with 15% EtOAc-hexanes to afford 0.224 g of acetal
304 as a viscous yellow oil and 0.059 g of a mixture of acetal 304 and unreacted ynamide 221.
This mixture was dissolved in ca. 5 mL of CH2C12 and concentrated onto 0.5 g of silica gel. The
free flowing powder was added to the top of a column of 6 g of silica gel and eluted with 15%
EtOAc-hexanes to afford 0.027 g of acetal 304 as a viscous yellow oil. The combined yield of
acetal 304 was 0.251 g (60%): IR (film) 3315, 2935, 2858, 2838, 1698, 1617, 1572, 1496, 1436,
1406, 1333, 1299, 1249, 1116, and 1072 cm-1; 'H NMR (500 MHz, CDCl 3, ca. 68:32 mixture of
185
rotamers) for major rotamer: 5 8.09 (s, 1H), 7.18-7.35 (m, 5H), 6.28 (s, 1H), 4.75 (d, J= 14.4 Hz,
1H), 4.66 (d, J= 14.4 Hz, 1H), 4.05-4.47 (m, 3H), 3.37 (s, 3H), 3.28 (s, 3H), 2.51-2.71 (m, 6H),
1.68-1.84 (m, 4H), 0.83-1.01 (m, 2H), and -0.07 (s, 9H); additional resonances appeared for the
minor rotamer at: 5 8.13 (s, 1H), 6.38 (s, 1H), 3.40 (s, 3H), 3.31 (s, 3H), 1.05-1.19 (m, 2H), and
0.07 (s, 9H); 13C NMR (125 MHz, CDCl3, mixture of two rotamers) for major rotamer: 8 156.5,
154.1, 138.3, 137.7, 137.6, 129.4, 128.4, 127.5, 125.3, 120.8, 117.6, 105.6, 64.1, 55.0, 54.7, 53.5,
30.9, 30.6, 29.4, 23.5, 22.8, 17.9, and -1.5; additional resonances appeared for the minor rotamer
at: 6 156.0, 139.0, 128.8, 120.4, 117.8, 55.2, 54.9, and -1.4; HRMS [M+Na] + calcd for
C27H39NOs5Si: 508.2490, found 508.2497.
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237 345 243
General Procedure for the Synthesis of Amino Aldehyde Precursors to Indoles via the
Oxidative Cleavage of N-Allylaniline Derivatives.
N-Methoxycarbonyl-N-2-oxoethyl-(5-butyl-3-hydroxy-2-methylphenyl)amine (243). A 25-
mL, one-necked, round-bottomed flask equipped with a rubber septum and argon inlet needle
was charged with carbamate 237 (0.335 g, 1.21 mmol, 1.0 equiv), 9 mL of THF, 3 mL of H20,
Os04 (4 wt% in H20, 0.160 mL, 0.154 g, 0.024 mmol, 0.02 equiv), and NMO (0.156 g, 1.33
mmol, 1.1 equiv). The rubber septum and argon inlet needle were replaced by an argon inlet
adapter and the light brown solution was stirred at room temperature for 12 h (TLC with 60%
EtOAc:hexanes, Rf of carbamate 237: 0.65; Rf of diol 345: 0.2). A solution of NaHSO3 (1.3 g,
13 mmol, 11 equiv) in 12 mL of water was added, and the resulting mixture was stirred at room
temperature for 10 min. The mixture was diluted with 20 mL of saturated NaCl solution and
extracted with three 30-mL portions of EtOAc. The combined organic layers were dried over
MgSO 4, filtered, and concentrated to give 0.382 g of the diol 345 as a white foam used in the
next step without purification: IR (film) 3354, 2956, 2930, 2872, 1679, 1619, 1585, 1459, 1393,
1337, 1280, 1196, 1142, 1126, and 1035 cm-.
A 25-mL, one-necked, round-bottomed flask equipped with a rubber septum and argon
inlet needle was charged with NaIO4 supported on silica gel (2.0 g, 2.4 mmol, 2.0 equiv) and 6
mL of CH2C12. To this stirred suspension was added a solution of the diol 345 (0.382 g, 1.0
equiv) prepared in the previous reaction in 6 mL of CH2Cl 2 . The yellow suspension was stirred
at room temperature for 40 min. The reaction mixture was filtered through a sintered glass
funnel, and the residue was washed with three 10-mL portions of CH2C12. The filtrate was
concentrated to provide 0.347 g of a yellow oil, which was purified by column chromatography
on 25 g of silica gel (elution with 30% EtOAc-hexanes) to give 0.277 g (82%) of aldehyde 243
as a white solid: mp 88-90 'C; IR (film) 3373, 2957, 2929, 2859, 1731, 1680, 1619, 1585, 1458,
1376, 1279, 1198, 1144, 1126, 1053, and 1024 cm-'; 1H NMR (400 MHz, CDCI3, ca. 76:24
188
mixture of rotamers) for major rotamer: 6 9.74 (s, 1H), 6.66 (s, 1H), 6.61 (s, 1H), 4.78 (s, 1H),
4.53 (d, J= 18.4 Hz, 1H), 4.03 (d, J= 18.4 Hz, 1H), 3.71 (s, 3H), 2.52 (t, J= 7.8Hz, 2H), 2.10 (s,
3H), 1.55 (app quintet, J= 7.6 Hz, 2H), 1.34 (app sextet, J= 7.4 Hz, 2H), and 0.92 (t, J= 7.4 Hz,
3H); additional resonances appeared for the minor rotamer at: 5 6.58 (s, 1H), 4.88 (s, 1H), 4.44
(d, J = 18.4 Hz, 1H), 3.79 (s, 3H), and 2.11 (s, 3H); '3C NMR (100 MHz, CDCl3, mixture of
rotamers) for major rotamer: 8 197.8, 156.9, 154.7, 142.4, 141.2, 120.0, 119.5, 114.9, 60.3, 53.8,
35.2, 33.4, 22.5, 14.1, and 10.5; additional resonances appeared for the minor rotamer at: 8 119.7,
115.3, 60.4, 53.7, and 22.6; Anal. Calcd for C15H21NO4: C, 64.50; H, 7.58; N, 5.01. Found: C,
64.55; H, 7.53; N, 4.97.
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N-Methoxycarbonyl-N-2-oxoethyl-[5-butyl-2-(tert-butyldimethylsiloxyethyl)-3-
hydroxyphenyl]amine (245). Reaction of alkene 242 (0.498 g, 1.18 mmol, 1.0 equiv) with
Os04 (4 wt% in H20, 0.375 mL, 0.390 g, 0.036 mmol, 0.05 equiv) and NMO (0.166 g, 1.42
mmol, 1.2 equiv) in 8 mL of THF and 4 mL of H20 for 14 h according to the general procedure
gave 0.550 g of a pale yellow oil. This material was transferred to a 50-mL, one-necked,
recovery flask equipped with an argon inlet adapter, and 12 mL of CH 2C12 and NalO4 supported
on silica gel (2.95 g, 3.54 mmol, 3.0 equiv) were added. The yellow suspension was stirred at
room temperature for 2 h. The reaction mixture was filtered through a sintered glass funnel, and
the residue was washed with three 15-mL portions of CH2C12. The filtrate was concentrated to
provide 0.473 g (95%) of aldehyde 245 as a pale yellow solid: mp 92-93.5 'C; IR (KBr pellet)
3291, 2957, 2930, 2858, 2711, 1753, 1734, 1678, 1615, 1582, 1509, 1461, 1432, 1402, 1379,
1342, 1292, 1254, 1194, 1131, and 1077 cm-1; 'H NMR (400 MHz, CDC13, ca. 78:22 mixture of
rotamers) for major rotamer: 8 9.70 (s, 1H), 8.62 (s, 1H), 6.77 (s, 1H), 6.60 (s, 1H), 4.44 (d, J=
18.3 Hz, 1H), 4.08 (d, J= 18.3 Hz, 1H), 3.87 (t, J= 4.8 Hz, 2H), 3.67 (s, 3H), 2.88 (t, J= 5.0Hz,
2H), 2.52 (t, J= 7.8Hz, 2H), 1.56 (app quintet, J= 7.6 Hz, 2H), 1.34 (app sextet, J= 7.4 Hz, 2H),
0.92 (s, 9H), 0.88-0.95 (m, 3H), 0.10 (s, 3H), and 0.09 (s, 3H); additional resonances appeared
for the minor rotamer at: 8 8.72 (s, 1H), 4.36 (d, J= 18.8 Hz, 1H), 4.14 (d, J= 18.8 Hz, 1H), and
3.75 (s, 3H); 13C NMR (100 MHz, CDCl3) 8 197.1, 157.0, 156.8, 143.9, 140.8, 122.3, 119.6,
117.4, 65.0, 61.0, 53.5, 35.2, 33.2, 29.2, 25.9, 22.5, 18.4, 14.1, and -5.4; Anal. Calcd for
C22H37NO5Si: C, 62.38; H, 8.80; N, 3.31. Found: C, 62.38; H, 8.67; N, 3.36.
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5-Butyl-3-methylamino-2-prop-2-enylphenol (261). A 25-mL, one-necked, round-bottomed
flask equipped with a rubber septum and argon inlet needle was charged with carbamate 260
(0.217 g, 0.679 mmol, 1.0 equiv), 7 mL of CH 2C12, and trifluoroacetic acid (0.78 mL, 1.2 g, 10
mmol, 15 equiv). The brown solution was stirred at room temperature for 1 h, and then diluted
with 5 mL of CH2C12 and washed with 5 mL of saturated NaHCO 3 solution. The aqueous layer
was neutralized to pH 7 by dropwise addition of aq 1M HCI solution and then extracted with
three 5-mL portions of CH2C12. The combined organic layers were washed with 20 mL of
saturated NaCl solution, dried over MgSO 4, filtered, and concentrated to give 0.149 g (100%) of
phenol 261 as a brown oil which darkened upon storage: IR (film) 3433, 3361, 3076, 2956, 2929,
2857, 2815, 1633, 1618, 1589, 1529, 1454, 1419, 1313, 1204, and 1123 cm-'; 'H NMR (400
MHz, CDC13) 8 6.12 (s, 1H), 6.10 (s, 1H), 5.92 (ddt, J= 16.8, 10.4, 5.6 Hz, 1H), 5.05-5.11 (m,
2H), 4.54 (s, 1H), 3.74 (br s, 1H), 3.33 (dt, J= 5.6, 2.0 Hz, 2H), 2.84 (s, 3H), 2.52 (t, J= 7.8 Hz,
2H), 1.55-1.63 (m, 2H), 1.37 (app sextet, J = 7.4 Hz, 2H), and 0.93 (t, J= 7.4 Hz, 3H); 13C NMR
(100 MHz, CDC13) 6 153.8, 148.8, 143.2, 136.0, 115.3, 107.0, 105.5, 103.9, 36.0, 33.6, 31.3,
28.1, 22.7, and 14.1; HRMS [M+H] calcd for C14H2 1NO: 220.1696, found 220.1700.
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3-Benzylamino-5-butyl-2-(2,2-dimethoxyethyl)phenol (318). A 25-mL, one-necked, recovery
flask equipped with a rubber septum and argon inlet needle was charged with carbamate 296
(0.183 g, 0.38 mmol, 1.0 equiv) and 1.9 mL of THF and TBAF solution (lM in THF, 1.9 mL,
1.9 mmol, 5.0 equiv) was added dropwise over 1 min. The reaction mixture turned dark pink
during the addition, then green, and then brown after 30 min. The reaction mixture was stirred at
room temperature for 5.5 h, and then diluted with 10 mL of saturated NH4C1 solution and
extracted with three 10-mL portions of Et20O. The combined organic layers were washed with 10
mL of saturated NaCl solution, dried over MgSO 4, filtered, and concentrated to provide 0.141 g
of a brown oil. This was dissolved in ca. 3 mL of CH 2C 2 and concentrated onto 0.7 g of silica
gel. The free flowing powder was added to the top of a column of 12 g of silica gel and eluted
with 20% EtOAc-hexanes to afford 0.118 g (90%) of phenol 318 as a pale brown oil which
darkened upon storage: IR (film) 3382, 2954, 2930, 2857, 1672, 1618, 1590, 1532, 1449, 1360,
and 1116 cm-'; 'H NMR (400 MHz, CDCl3) 6 7.28-7.41 (m, 5H), 6.57 (s, 1H), 6.25 (s, 1H), 6.16
(s, 1H), 4.51 (t, J= 4.7 Hz, 1H), 4.32 (s, 2H), 4.25 (br s, 1H), 3.43 (s, 6H), 2.90 (d, J= 4.7 Hz,
2H), 2.48 (t, J = 7.7 Hz, 2H), 1.54 (app quintet, J = 7.6 Hz, 2H), 1.32 (app sextet, J = 7.4 Hz,
2H), and 0.90 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) 8 155.5, 147.7, 143.6, 139.8,
128.7, 127.7, 127.2, 107.0, 106.2, 106.0, 104.8, 54.9, 48.8, 36.0, 33.5, 29.7, 22.6, and 14.1;
HRMS [M+H]+ calcd for C21H29NO3: 344.2220, found 344.2220.
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299 323
N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[5-benzoyl-3-hydroxy-2-(2,2-
dimethoxyethyl)phenyl]amine (323). A 25-mL, one-necked, round-bottomed flask equipped
with rubber septum and argon inlet needle was charged with PdCl2(MeCN) 2 (0.007 g, 0.026
mmol, 0.05 equiv) and then the flask was evacuated and filled with argon (three cycles).
Arylstannane 299 (0.374 g, 0.52 mmol, 1.0 equiv), 5.2 mL of acetonitrile, and benzoyl chloride
(0.069 mg, 0.057 mL, 0.49 mmol, 0.95 equiv) were then added. The resulting brown solution
was stirred at room temperature for 2.5 h and then PdCl2(MeCN)2 (0.0035 g, 0.013 mmol, 0.025
equiv) was added in one portion. The reaction mixture was stirred for 2.5 h and then diluted with
50 mL of acetonitrile and washed with four 50-mL portions of hexanes to remove tin byproducts.
The acetonitrile layer was concentrated to provide 0.272 g of a brown oil, which was purified by
column chromatography on 15 g of silica gel (elution with 30% EtOAc-hexanes) to afford 0.222
g of a light tan oil consisting of a mixture of the desired ketone and tin byproducts. This material
was dissolved in ca. 5 mL of CH2C12 and concentrated onto 1.2 g of silica gel. The free flowing
powder was added on the top of a column of 20 g of silica gel and eluted with 25% EtOAc-
hexanes to give 0.195 g (70%) of ketone 323 as a colorless paste: IR (film) 3289, 2953, 2834,
1699, 1660, 1598, 1576, 1495, 1422, 1366, 1323, 1249, 1178, 1116, and 1069 cm; 'H NMR
(400 MHz, CDC13, ca. 70:30 mixture of rotamers) for major rotamer: 8 8.40 (s, 1H), 7.68 (app d,
J= 7.1 Hz, 2H), 7.57 (t, J= 7.3 Hz, 1H), 7.43 (app t, J= 7.7 Hz, 2H), 7.37 (s, 1H), 7.16-7.34 (m,
5H), 6.98 (s, 1H), 4.67-4.97 (m, 2H), 4.10-4.58 (m, 3H), 3.42 (s, 3H), 3.34 (s, 3H), 2.75 (br s,
2H), 0.81-0.99 (m, 2H), and -0.05 (s, 9H); additional resonances appeared for the minor rotamer
at: 6 7.14 (s, 1H), 1.07-1.26 (m, 2H), and 0.10 (s, 9H); 13C NMR (100 MHz, CDCl 3) 5 195.2,
156.9, 156.1, 141.2, 137.5, 137.1, 137.0, 132.4, 129.9, 129.4, 128.6, 128.3, 127.9, 127.1, 122.9,
118.4, 104.9, 64.5, 54.8, 54.6, 53.7, 31.0, 17.8, and -1.5; HRMS [M+Na] calcd for C30H37NO6Si:
558.2282, found 558.2261.
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299 324
N-Benzyl-N-2-(trimethylsilyl)ethoxycarbonyl-[3-hydroxy-5-iodo-2-(2,2-
dimethoxyethyl)phenyl]amine (324). A 25-mL, one-necked, round-bottomed flask equipped
with a rubber septum and argon inlet needle was charged with arylstannane 299 (0.398 g, 0.55
mmol, 1.0 equiv), 11 mL of THF, and N-iodosuccinimide (0.149 g, 0.66 mmol, 1.2 equiv). The
flask was wrapped in aluminum foil, and the reaction mixture was stirred at room temperature
for 2 h and then concentrated to a volume of ca. 0.5 mL. CH2C12 (ca. 20 mL) was added to give
a pink solution, which was divided equally in two 50-mL, one-necked, round-bottomed flasks
equipped with argon inlet adapters. IM NaOH solution (10 mL) was added to each flask.195 The
resulting mixtures were stirred vigorously for 2 h and then combined. The aqueous layer was
separated and the organic layer was washed with 20 mL of 1M NaOH solution. The combined
aqueous phases were adjusted to pH 7 with ca. 14 mL of 10% HCI solution and then extracted
with two 15-mL portions of CH 2C 2. The combined organic layers were washed with 40 mL of
saturated NaCi solution, dried over MgSO4, filtered, and concentrated to give 0.467 g of a yellow
oil. Column chromatography on 45 g of silica gel (elution with 20% EtOAc-hexanes) afforded
0.303 g of a pale yellow oil. This was further purified by column chromatography on 30 g of
silica gel (elution with 20% EtOAc-hexanes) to provide 0.260 g (85%) of aryl iodide 324 as a
yellow oil: IR (film) 3266, 3031, 2952, 2833, 1700, 1667, 1593, 1574, 1495, 1454, 1408, 1360,
1285, 1249, 1178, 1115, and 1069 cm'; 1H NMR (400 MHz, CDCl 3, ca. 68:32 mixture of
rotamers) for major rotamer: 6 8.26 (s, 1H), 7.27-7.33 (m, 3H), 7.23 (app d, J= 2.0 Hz, 2H), 7.20
(s, 1H), 6.90 (s, 1H), 4.77 (d, J= 14.4 Hz, 1H), 4.63 (d, J= 14.1 Hz, 1H), 3.89-4.46 (m, 3H),
3.34 (s, 3H), 3.25 (s, 3H), 2.42-2.61 (m, 2H), 0.88 (br s, 2H), and -0.06 (s, 9H); additional
resonances appeared for the minor rotamer at: 8 9.23 (s, 1H), 4.79 (d, J = 14.4 Hz, 1H), 1.13 (br
s, 2H), and 0.08 (s, 9H); 13C NMR (100 MHz, CDCl 3, mixture of rotamers) for major rotamer: 8
157.5, 155.9, 142.2, 136.9, 129.5, 128.6, 128.0, 126.3, 122.4, 105.0, 100.4, 91.8, 64.5, 54.8, 53.6,
195 This procedure for the removal of tin byproducts is based on the procedure of Renaud, see: Renaud, P.; Lac6te,
E.; Quaranta, L. Tetrahedron Lett. 1998, 39, 2123.
199
30.6, 17.9, and -1.4; additional resonances appeared for the minor rotamer at: 5 136.8, 129.8,
128.7, 128.1, 104.7, 64.7, and 54.7; HRMS [M+Na] calcd for C23H 32INOs5 Si: 580.0987, found
580.0973.
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243 246
4-Butyl-6-hydroxy-l-methoxycarbonyl-7-methylindole (246). A 100-mL, one-necked,
recovery flask equipped with a rubber septum and argon inlet needle was charged with aldehyde
243 (0.186 g, 0.67 mmol, 1.0 equiv), 44 mL of isopropanol, and DBU (0.050 mL, 0.051 g, 0.34
mmol, 0.5 equiv). The colorless solution was heated at 65 oC for 100 min, during which time the
color changed to pale yellow. The reaction mixture was allowed to cool to room temperature
and then treated with 5 mL of aq 1M HCl solution to adjust the pH to 7. The resulting mixture
was concentrated to a volume of ca. 5 mL and then diluted with 50 mL of Et20, washed with 15
mL of H20 and 15 mL of saturated NaCl solution, dried over MgSO 4, filtered, and concentrated
to afford 0.175 g of a pale orange solid. This material was dissolved in 5 mL of CH2C12 and
concentrated onto 1 g of silica gel. The free flowing powder was added to the top of a column of
11 g of silica gel and eluted with 20% EtOAc-hexanes to give 0.129 g (74%) of indole 246 as a
white solid: mp 75-77 OC; IR (film) 3411, 2956, 2923, 2857, 1708, 1602, 1451, 1382, 1343, 1278,
1075, 1028, and 1018 cm ; 1H NMR (400 MHz, CDC 3) 8 7.46 (d, J= 4.0 Hz, 1H), 6.67 (s, 1H),
6.56 (d, J= 4.0 Hz, 1H), 4.94 (s, IH), 3.99 (s, 3H), 2.75 (t, J= 7.6 Hz, 2H), 2.42 (s, 3H), 1.64
(app quintet, J= 7.7 Hz, 2H), 1.39 (app sextet, J= 7.4 Hz, 2H), and 0.94 (t, J= 7.4 Hz, 3H); 13C
NMR (100 MHz, CDCl3) 6 152.2, 152.1, 136.3, 133.6, 126.5, 125.2, 112.5, 109.0, 106.7, 54.1,
33.1, 32.5, 22.7, 14.2, and 13.6; Anal. Calcd for C15H19NO3: C, 68.94; H, 7.33; N, 5.36. Found:
C, 68.78; H, 7.32; N, 5.31.
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4-Butyl-6-hydroxy-7-(2-hydroxyethyl)-l-methoxycarbonylindole (255). A 100-mL, one-
necked, round-bottomed flask equipped with a rubber septum and argon inlet needle was charged
with aldehyde 245 (0.250 g, 0.59 mmol, 1.0 equiv), 30 mL of isopropanol, and K2C0 3 (0.082 g,
0.59 mmol, 1.0 equiv). The septum was replaced by a cold-finger condenser fitted with an argon
inlet, and the colorless mixture was heated at 75-80 'C for 2 h, during which time the color
changed to yellow. The reaction mixture was allowed to cool to room temperature, and then
diluted with 15 mL of H20 and treated with 5 mL of 1M HCI solution to adjust the pH to 1. The
resulting mixture was concentrated to a volume of ca. 10 mL and diluted with 70 mL of Et20,
washed with two 30-mL portions of H20 and 30 mL of saturated NaCl solution, dried over
MgSO4, filtered, and concentrated to afford 0.177 g of a brown oil. This material was dissolved
in 5 mL of CH 2C12 and concentrated onto 1 g of silica gel. The free flowing powder was added
to the top of a column of 14 g of silica gel and eluted with 10% EtOAc-benzene to give 0.128 g
(74%) of indole 255 as a white solid: mp 129-130.5 'C; IR (KBr pellet) 3409, 3184, 2953, 2840,
1754, 1723, 1597, 1440, 1392, 1342, 1271, 1208, and 1032 cm-1; 1H NMR (400 MHz, CDCl3) 6
8.60 (s, 1H), 7.45 (d, J= 4.0 Hz, 1H), 6.82 (s, 1H), 6.56 (d, J= 4.0 Hz, 1H), 4.34-4.37 (m, 2H),
3.94 (s, 3H), 3.12 (t, J= 4.8 Hz, 2H), 2.77 (t, J= 7.7 Hz, 2H), 2.36 (t, J= 3.5 Hz, 1H), 1.66 (app
quintet, J = 7.6 Hz, 2H), 1.40 (app sextet, J = 7.4 Hz, 2H), and 0.94 (t, J = 7.3 Hz, 3H); 13C
NMR (100 MHz, CDCl 3) 5 154.7, 152.3, 136.0, 135.0, 125.9, 125.0, 114.3, 112.1, 107.0, 66.1,
54.1, 33.0, 32.5, 30.8, 22.7, and 14.2; Anal. Calcd for C16H21NO4: C, 65.96; H, 7.27; N, 4.81.
Found: C, 65.94; H, 7.41; N, 4.85.
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6-Butyl-4-hydroxy-1,2-dimethylindole (262). A 25-mL, one-necked, round-bottomed flask
equipped with a cold-finger condenser with argon inlet side arm was charged with
PdC12(CH3CN) 2 (0.018 g, 0.069 mmol, 0.1 equiv), benzoquinone (0.072 g, 0.67 mmol, 1.0 equiv),
and 6.5 mL of THF. The orange solution was stirred for 5 min and a solution of aniline 261
(0.146 g, 0.67 mmol, 1.0 equiv) in 7 mL of THF was added via syringe. The resulting dark
orange solution was heated at reflux for 12 h and then allowed to cool to room temperature. The
reaction mixture was filtered through a 1.5-cm pad of silica gel in a 30-mL sintered glass funnel
with the aid of three 20-mL portions of Et20. The orange filtrate was concentrated to give 0.264
g of a dark brown oil, which was dissolved in 5 mL of CH2C12 and concentrated onto 1.5 g of
silica gel. The free flowing powder was added to the top of a column of 23 g of silica gel and
eluted with 5-10% EtOAc-hexanes to give 0.120 g (82%) of indole 262 as a pale yellow solid:
mp 95-96 'C; IR (KBr pellet) 3461, 3404, 2954, 2924, 2854, 1624, 1583, 1552, 1473, 1445,
1425, 1350, 1222, and 1019 cm'; 'H NMR (500 MHz, CDCl 3) 8 6.69 (s, 1H), 6.37 (s, 1H), 6.21
(s, 1H), 4.77 (s, 1H), 3.62 (s, 3H), 2.68 (t, J= 7.5 Hz, 2H), 2.41 (s, 3H), 1.65 (app quintet, J=
7.6 Hz, 2H), 1.39 (app sextet, J= 7.4 Hz, 2H), and 0.94 (t, J= 7.3 Hz, 3H); '3C NMR (100 MHz,
CDC13) 8 147.8, 139.6, 137.1, 135.3, 115.2, 105.3, 101.8, 95.3, 36.3, 34.5, 29.9, 22.6, 14.3, and
13.0; Anal. Calcd for C14H19NO: C, 77.38; H, 8.81; N, 6.45. Found: C, 77.41; H, 8.82; N, 6.53.
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Procedure for the Synthesis of Indoles from Benzannulation Products Derived from
Ynamide 221.
1-Benzyl-6-butyl-4-hydroxyindole (320). A 25-mL, one-necked, round-bottomed flask
equipped with a rubber septum and argon inlet needle was charged with carbamate 296 (0.302 g,
0.62 mmol, 1.0 equiv) and 3.1 mL of THF and the resulting solution was cooled at 0 oC while
TBAF solution (IM in THF, 3.1 mL, 3.1 mmol, 5.0 equiv) was added dropwise over 3 min. The
brown reaction mixture was stirred at room temperature for 8 h, and then cooled to 0 oC and
treated with 6M aq HC1 (3.1 mL, 18.6 mmol, 30 equiv) dropwise over 3 min. The rubber septum
was replaced by an argon inlet adapter and the pale yellow solution was stirred at room
temperature for 20 h. During this time the reaction mixture turned green and then dark blue.
The reaction mixture was diluted with 50 mL of Et20 and washed with two 25-mL portions of
saturated NaHCO3 solution. The combined aqueous layers were extracted with two 20-mL
portions of Et20, and the combined organic phases were washed with 40 mL of saturated NaCl
solution, dried over MgSO4, filtered, and concentrated to provide 0.204 g of a brown oil. This
material was dissolved in ca. 5 mL of CH2C02 and concentrated onto 0.9 g of silica gel. The free
flowing powder was added to the top of a column of 12 g of silica gel and eluted with 15%
EtOAc-hexanes to give 0.146 g (84%) of indole 320 as a pale brown solid: mp 81.5-83 OC; IR
(film) 3398, 2955, 2927, 2856, 1629, 1576, 1508, 1495, 1465, 1453, 1373, and 1242 cm'; 'H
NMR (400 MHz, CDC13) 8 7.27-7.35 (m, 3H), 7.12 (app d, J= 6.9 Hz, 2H), 6.99 (d, J= 3.2 Hz,
1H), 6.81 (s, 1H), 6.53 (d, J= 3.2 Hz, 1H), 6.40 (s, 1H), 5.28 (s, 2H), 4.85 (s, 1H), 2.63 J= 7.7
Hz, 2H), 1.60 (app quintet, J= 7.6 Hz, 2H), 1.34 (app sextet, J= 7.4 Hz, 2H), and 0.91 (t, J= 7.3
Hz, 3H); '3C NMR (100 MHz, CDC13) 6 148.7, 138.7, 138.5, 137.8, 128.9, 127.7, 127.0, 126.8,
116.3, 105.4, 102.5, 97.8, 50.3, 36.6, 34.3, 22.6, and 14.2; Anal. Calcd for Cl 9H21NO: C, 81.68;
H, 7.58; N, 5.01. Found: C, 81.47; H, 7.59; N, 4.93.
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297 325
1-Benzyl-4-hydroxy-6-phenylindole (325). Reaction of carbamate 297 (0.294 g, 0.58 mmol,
1.0 equiv) with TBAF (IM in THF, 2.9 mL, 2.9 mmol, 5.0 equiv) in 2.9 mL of THF for 5 h and
then with 6M aq HCI (2.9 mL, 17.4 mmol, 30 equiv) for 16 h according to the general procedure
provided 0.222 g of a brown oil. This material was dissolved in ca. 10 mL of CH 2C12 and
concentrated onto 1.5 g of silica gel. The free flowing powder was added to the top of a column
of 12 g of silica gel and eluted with 20% EtOAc-hexanes to give 0.136 g (78%) of indole 325 as
a pale yellow solid: mp 117-119 'C; IR (KBr pellet) 3434, 3098, 3058, 3025, 2929, 1624, 1571,
1502, 1465, 1433, 1373, 1246, and 1182 cm'; 1H NMR (400 MHz, CDC13) 6 7.58 (app dd, J=
8.3, 1.2 Hz, 2H), 7.42 (app t, J= 7.6 Hz, 2H), 7.31 (app d, J= 7.3 Hz, 1H), 7.28-7.35 (m, 3H),
7.15 (app d, J= 6.6 Hz, 2H), 7.11 (s, 1H), 7.10 (d, J= 3.2 Hz, 1H), 6.81 (d, J= 1.2 Hz, 1H), 6.61
(dd, J= 3.2, 0.8 Hz, 1H), 5.36 (s, 2H), and 5.04 (s, 1H); 13C NMR (100 MHz, CDC13) 6 149.2,
142.2, 138.9, 137.4, 136.8, 128.9, 128.8, 127.9, 127.8, 127.5, 126.9, 126.9, 117.6, 104.3, 101.8,
98.1, and 50.4; Anal. Calcd for C21H17NO: C, 84.25; H, 5.72; N, 4.68. Found: C, 84.10; H, 5.64;
N, 4.51.
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1-Benzyl-6-ethoxy-4-hydroxyindole (326). Reaction of carbamate 298 (0.205 g, 0.43 mmol,
1.0 equiv) with TBAF (IM in THF, 2.2 mL, 2.2 mmol, 5.1 equiv) in 2.2 mL of THF for 7 h and
then with 6M aq HCI (2.2 mL, 13.2 mmol, 31 equiv) for 19 h according to the general procedure
provided 0.138 g of a brown oil. This material was dissolved in ca. 10 mL of CH2C12 and
concentrated onto 0.5 g of silica gel. The free flowing powder was added to the top of a column
of 6 g of silica gel and eluted with 20% EtOAc-hexanes to give 0.098 g (85%) of indole 326 as a
pale yellow solid: mp 122.5-124.5 °C; IR (KBr pellet) 3381, 3029, 2979, 2900, 1630, 1596, 1506,
1476, 1452, 1436, 1400, 1252, 1166, 1129, and 1050 cm'; 'H NMR (400 MHz, CDC13) 6 7.23-
7.35 (m, 3H), 7.11 (app d, J= 6.8 Hz, 2H), 6.95 (d, J= 3.3 Hz, 1H), 6.50 (d, J= 3.2 Hz, 1H),
6.37 (d, J= 1.3 Hz, 1H), 6.25 (d, J= 1.9 Hz, 1H), 5.23 (s, 2H), 4.96 (s, 1H), 3.99 (q, J= 7.0 Hz,
2H), and 1.39 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) 5 156.6, 149.5, 138.5, 137.6,
128.9, 127.7, 126.9, 126.1, 112.8, 98.0, 95.3, 87.6, 64.1, 50.3, and 15.0; Anal. Calcd for
C17HI 7NO2 : C, 76.38; H, 6.41; N, 5.24. Found: C, 76.46; H, 6.30; N, 5.09.
212
E-0-
r
-CM
-
tO.
00"7
-
-86'0
66"1
9676
213
S
w
r=
;
04
tL
O
r-I
Ph.
0 C02TMSE
323 327
6-Benzoyl-l-benzyl-4-hydroxyindole (327). Reaction of carbamate 323 (0.277 g, 0.52 mmol,
1.0 equiv) with TBAF (LM in THF, 2.6 mL, 2.6 mmol, 5.0 equiv) in 2.6 mL of THF for 7 h and
then with 6M aq HC1 (2.6 mL, 15.6 mmol, 30 equiv) for 20 h according to the general procedure
provided 0.197 g of a dark yellow solid. This material was dissolved in ca. 10 mL of CH2C12 and
concentrated onto 1.2 g of silica gel. The free flowing powder was added to the top of a column
of 10 g of silica gel and eluted with 30% EtOAc-hexanes to give 0.164 g of a yellow solid. This
material was dissolved in ca. 10 mL of CH2C12 and concentrated onto 1 g of silica gel. The free
flowing powder was added to the top of a column of 8 g of silica gel and eluted with 25%
EtOAc-hexanes to give 0.147 g (87%) of indole 327 as a yellow solid with low solubility in
CH2C12 and CDCl3: mp 160-162 'C; IR (KBr pellet) 3390, 1625, 1570, 1497, 1472, 1384, and
1248 cm-'; 'H NMR (500 MHz, (CD 3)20) 6 8.84 (s, 1H), 7.66 (app d, J= 7.9 Hz, 2H), 7.59 (t, J
= 7.4 Hz, 1H), 7.54 (d, J= 3.1 Hz, 1H), 7.47 (app t, J= 7.6 Hz, 2H), 7.39 (s, 1H), 7.24-7.35 (m,
3H), 7.17 (app d, J= 7.2 Hz, 2H), 7.05 (s, 1H), 6.75 (d, J= 3.1 Hz, 1H), and 5.44 (s, 2H); 13C
NMR (100 MHz, (CD 3)20) 6 196.6, 151.4, 139.8, 138.7, 137.8, 132.8, 132.4, 131.7, 130.5, 129.5,
128.9, 128.4, 127.9, 123.4, 107.6, 105.5, 99.9, and 50.9; Anal. Calcd for C22HI7NO 2: C, 80.71; H,
5.23; N, 4.28. Found: C, 80.60; H, 5.31; N, 4.12.
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1-Benzyl-4-hydroxy-6-iodoindole (328). Reaction of carbamate 324 (0.237 g, 0.43 mmol, 1.0
equiv) with TBAF (IM in THF, 2.2 mL, 2.2 mmol, 5.1 equiv) in 2.2 mL of THF for 7 h and then
with 6M aq HCI (2.2 mL, 13.2 mmol, 31 equiv) for 20 h according to the general procedure
provided 0.152 g of a reddish brown oil.196 This crude material was dissolved in ca. 10 mL of
CH2C12 and concentrated onto 0.7 g of silica gel. The free flowing powder was added to the top
of a column of 15 g of silica gel and eluted with 20% EtOAc-hexanes to give 0.078 g (53%) of
indole 328 as a pink solid: mp 141-143 'C; IR (KBr pellet) 3328, 2921, 1617, 1567, 1496, 1462,
1435, 1351, 1297, 1239, and 1201 cm 1 ; 'H NMR (500 MHz, CD2C 2 ) 8 7.26-7.34 (m, 3H), 7.27
(s, 1H), 7.07-7.11 (m, 2H), 7.04 (d, J= 3.2 Hz, 1H), 6.82 (d, J= 1.2 Hz, 1H), 6.55 (dd, J= 3.2,
0.8 Hz, 1H), 5.25 (s, 2H), and 5.24 (s, 1H); 13C NMR (100 MHz, CDCl 3) 8 149.5, 139.3, 137.0,
129.0, 128.0, 127.5, 126.8, 118.0, 113.4, 112.4, 98.5, 85.5, and 50.4; Anal. Calcd for C1 5H12INO:
C, 51.60; H, 3.46; N, 4.01. Found: C, 51.48; H, 3.31; N, 4.29.
196 In this case the reaction mixture was a pale brown solution instead of blue as in previous cases.
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1-Benzyl-4-hydroxy-6,7-dimethylindole (329). Reaction of carbamate 301 (0.263 g, 0.57
mmol, 1.0 equiv) with TBAF (IM in THF, 3.0 mL, 3.0 mmol, 5.3 equiv) in 3.0 mL of THF for 8
h and then with 6M aq HCI (3.0 mL, 18.0 mmol, 32 equiv) for 18 h according to the general
procedure provided 0.173 g of a brown foam. This material was dissolved in ca. 10 mL of
CH 2C12 and concentrated onto 1 g of silica gel. The free flowing powder was added to the top of
a column of 18 g of silica gel and eluted with 20% EtOAc-hexanes to give 0.107 g (74%) of
indole 329 as a pale yellow solid: mp 115.5-117.5 OC; IR (KBr pellet) 3327, 2981, 2901, 1625,
1585, 1502, 1450, 1423, 1385, 1350, 1228, 1211, and 1097 cm-; 1H NMR (400 MHz, CDC 3) 6
7.21-7.35 (m, 3H), 6.96 (d, J= 3.2 Hz, 2H), 6.95 (app d, J= 7.4 Hz, 2H), 6.57 (d, J= 3.2 Hz,
1H), 6.41 (s, 1H), 5.59 (s, 2H), 4.85 (s, 1H), 2.34 (s, 3H), and 2.30 (s, 3H); 13C NMR (100 MHz,
CDC13) 6 146.3, 139.8, 137.3, 131.0, 129.6, 129.0, 127.4, 125.6, 118.0, 112.1, 107.5, 97.7, 52.7,
20.6, and 13.9; Anal. Calcd for C17H17NO: C, 81.24; H, 6.82; N, 5.57. Found: C, 81.19; H, 6.85;
N, 5.64.
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1-Benzyl-4-hydroxy-5,6,7,8-tetrahydro-lH-benz[flindole (332) and 1-Benzyl-5,6,7,8-
tetrahydro-1H-benz[flindol-4-yl Acetate (330).197 Reaction of carbamate 304 (0.305 g, 0.63
mmol, 1.0 equiv) with TBAF (IM in THF, 3.2 mL, 3.2 mmol, 5.1 equiv) in 3.2 mL of THF for 8
h and then with 6M aq HCI (3.2 mL, 19.2 mmol, 30 equiv) for 41 h according to the general
procedure provided 0.207 g of a dark brown oil. This indole was immediately protected as the
acetate derivative due to its propensity to undergo oxidation. The unpurified indole 332 was
transferred to a 25-mL, one-necked, round-bottomed flask equipped with a rubber septum and
argon inlet needle, and 6.3 mL of CH2C12 and Et 3N (0.138 g, 0.190 mL, 1.36 mmol, 2.2 equiv)
were added. The resulting brown solution was cooled at 0 OC while acetyl chloride (0.061 g,
0.055 mL, 0.77 mmol, 1.2 equiv) was added in one portion. The resulting solution was stirred at
room temperature for 2.5 h and then diluted with 10 mL of CH2C12 and washed with 10 mL of
IM HCl solution. The aqueous layer was extracted with 10 mL of CH 2C12 and the combined
organic phases were washed with 10 mL of saturated NaHCO 3 solution, 10 mL of H20, and 10
mL of saturated NaCl solution, dried over MgSO 4, filtered, and concentrated to provide 0.240 g
of a brown foam. This material was dissolved in ca. 10 mL of CH 2C12 and concentrated onto 2.4
g of silica gel. The free flowing powder was added to the top of a column of 35 g of silica gel
and eluted with 15% EtOAc-hexanes to give 0.115 g (57% over two steps) of acetate 330 as a
pale yellow solid: mp 112-115 'C; IR (KBr pellet) 3348, 3102, 3031, 2935, 2855, 1752, 1636,
1563, 1509, 1478, 1453, 1437, 1367, and 1203 cm-1; 1H NMR (400 MHz, CDC13) 6 7.24-7.35 (m,
3H), 7.10-7.15 (m, 2H), 7.01 (d, J= 3.2 Hz, 1H), 6.93 (s, 1H), 6.32 (dd, J= 3.2, 0.7 Hz, 1H),
5.26 (s, 2H), 2.89 (t, J= 5.6 Hz, 2H), 2.70 (t, J= 6.0 Hz, 2H), 2.42 (s, 3H), 1.75-1.86 (m, 4H);
13C NMR (100 MHz, CDC13) 6 169.2, 141.1, 137.6, 136.5, 132.6, 128.8, 128.2, 127.6, 126.9,
120.5, 120.0, 107.6, 97.8, 50.1, 30.5, 23.3, 23.3, 23.1, and 20.9; Anal. Calcd for C21H2 1NO2: C,
78.97; H, 6.63; N, 4.39. Found: C, 78.75; H, 6.46; N, 4.34.
197 All solvents and solutions used in this reaction were degassed prior to use by bubbling argon through the solution
for 10 min.
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In a separate experiment, an impure sample of indole 332 was isolated and observed to
have the following spectroscopic properties: IR (film) 3425, 2926, 2855, 1633, 1568, 1510, 1495,
1453, 1360, 1296, 1240, and 1218 cm'; 'H NMR (500 MHz, CDC13) 6 7.23-7.34 (m, 3H), 7.12
(app d, J= 6.8 Hz, 2H), 6.98 (d, J= 3.2 Hz, 1H), 6.66 (s, 1H), 6.50 (d, J= 3.2 Hz, 1H), 5.26 (s,
2H), 4.91 (s, 1H), 2.87 (t, J= 6.2 Hz, 2H), 2.78 (t, J= 6.5 Hz, 2H), 1.86-1.91 (m, 2H), and 1.77-
1.82 (m, 2H); 13C NMR (125 MHz, CDC13) 6 146.0, 137.9, 136.7, 133.1, 128.8, 127.6, 126.9,
126.8, 116.4, 112.2, 102.2, 97.2, 50.1, 30.8, 23.5, and 22.7.
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General Procedure for the Debenzylation of N-Benzylindoles.
6-Butyl-4-hydroxyindole (338). A 25-mL, two-necked, round-bottomed flask was equipped
with a rubber septum with an argon inlet needle and a Dewar condenser fitted with an inlet
adapter connected to an oil bubbler by Tygon tubing. The flask and condenser were cooled at -
78 'C while 3 mL of NH3 was condensed in the flask. Li wire (0.016 g, 2.3 mmol, 21 equiv) cut
into small pieces (3.2 mm diameter, ca. 3 mm in length) was added to give a dark blue solution
which was stirred for 5 min at -78 'C. A solution of indole 320 (0.030 g, 0.11 mmol, 1 equiv) in
1.5 mL of THF was added dropwise over 5 min, and the syringe was rinsed with 0.5 mL of THF
which was then added to the reaction mixture in one portion. The cooling bath was removed to
allow the reaction mixture to warm to reflux. After 10 min at reflux, 2 mL of H20 was at a rate
such that NH 3 did not boil too vigorously (ca. 2-3 min). The color of the reaction mixture
changed from dark blue to pale yellow. The Dewar condenser and rubber septum were removed
and the reaction flask was placed in a water bath (ca. 20 oC) to promote the evaporation of the
NH3. The reaction mixture turned blue during the evaporation of NH3 and the color darkened
gradually. The resulting dark blue cloudy mixture was diluted with 15 mL of EtOAc and
extracted with 10 mL of H20. The aqueous layer was acidified with 10% HCI solution to pH 7
and then extracted with two 15-mL portions of EtOAc. The combined organic layers were
washed with 25 mL of saturated NaCl solution, dried over Na 2SO 4, filtered, and concentrated to
provide 0.022 g of a dark purple paste. This material was dissolved in ca. 2 mL of CH2C 2 and
concentrated onto 0.3 g of silica gel. The free flowing powder was added to the top of a column
of 2 g of silica gel and eluted with 20% EtOAc-hexanes to afford 0.016 g (80%) of indole 338 as
a pale brown paste: IR (film) 3413, 3127, 2954, 2924, 2853, 1630, 1580, 1515, 1454, 1368, 1319,
1258, 1220, 1077, and 1030 cm-'; 1H NMR (400 MHz, CDC13) 6 8.06 (br s, 1H), 7.08 (dd, J=
3.2, 2.5 Hz, 1H), 6.83 (s, 1H), 6.54-6.57 (m, 1H), 6.41 (d, J= 0.8 Hz, 1H), 4.95 (s, 1H), 2.67 (t, J
= 7.7 Hz, 2H), 1.64 (app quintet, J= 7.6 Hz, 2H), 1.38 (app sextet, J= 7.4 Hz, 2H), and 0.95 (t, J
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= 7.3 Hz, 3H); 3C NMR (100 MHz, CDC13) 6 148.5, 138.6, 138.1, 122.7, 115.6, 105.5, 103.8,
98.7, 36.0, 34.2, 22.5, and 14.2; HRMS [M+H]+ calcd for C12H15NO: 190.1226, found 190.1226.
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4-Hydroxy-6,7-dimethylindole (339). Reaction of indole 329 (0.187 g, 0.74 mmol, 1.0 equiv)
with Li wire (0.102 g, 14.7 mmol, 20 equiv) in 8 mL of NH3 and 4.5 mL of THF at -33 'C for 70
min according to the general procedure provided 0.126 g of a black waxy solid. This material
was dissolved in ca. 10 mL of EtOAc and concentrated onto 1 g of silica gel. The free flowing
powder was deposited on the top of a column of 13 g of silica gel and eluted with 20% EtOAc-
hexanes to give 0.060 g (50%) of indole 339 as a light pink solid with low solubility in CH 2C12
and CDC13: mp 169.5-171.5 'C (dec); IR (KBr pellet) 3383, 3107, 2922, 2861, 1631, 1589, 1519,
1504, 1449, 1376, 1349, 1323, 1255, 1186, and 1118 cm-; H NMR (50OMHz, (CD 3)20) 6 9.90
(br s, 1H), 7.94 (s, 1H), 7.09 (t, J= 2.8 Hz, 1H), 6.53 (dd, J= 3.3, 2.3 Hz, 1H), 6.32 (s, 1H), 2.30
(s, 3H), and 2.26 (s, 3H); 13C NMR (125 MHz, (CD 3)20) 6 149.1, 139.3, 130.0, 123.2, 117.4,
110.5, 107.3, 100.2, 19.7, and 13.0; Anal. Calcd for C10Hi1NO: C, 74.51; H, 6.88; N, 8.69.
Found: C, 74.41; H, 6.68; N, 8.54.
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1-Benzyl-4-hydroxy-6-(triisopropylsilyl)ethynylindole (340). A 25-mL, one-necked, recovery
flask equipped with a rubber septum and argon inlet needle was charged with iodide 328 (0.046
g, 0.13 mmol, 1.0 equiv), PdCl2 (PPh3)2 (0.005 g, 0.007 mmol, 0.05 equiv), and Cul (0.001 g,
0.005 mmol, 0.04 equiv). The flask was evacuated and filled with argon (three cycles) and then
1.8 mL of Et3N and triisopropylsilylacetylene (0.029 g, 0.035 mL, 0.16 mmol, 1.2 equiv) were
added. The resulting pale brown mixture was stirred at room temperature for 13 h and then
filtered through a 4-cm column of silica gel in a 1-cm wide column with the aid of 20 mL of
EtOAc. The filtrate was concentrated to a thick paste, and then dissolved in 20 mL of EtOAc,
washed with 15 mL of H20 and 15 mL of saturated NaCl solution, dried over MgSO 4, filtered,
and concentrated to give 0.074 g of a brown solid. This material was dissolved in ca. 5 mL of
CH 2C12 and concentrated onto 0.3 g of silica gel. The free flowing powder was added to the top
of a column of 2 g of silica gel and eluted with 10% EtOAc-hexanes to give 0.044 g (83%) of
indole 340 as a brown solid: mp 102-106 'C; IR (KBr pellet) 3467, 2941, 2864, 2152, 1619,
1571, 1499, 1465, 1405, 1382, 1351, 1232, 1202, and 1121 cm-1; 1H NMR (400 MHz, CDC13) 6
7.28-7.37 (m, 3H), 7.09-7.14 (m. 3H), 7.08 (d, J= 3.2 Hz, 1H), 6.68 (d, J= 1.0 Hz, 1H), 6.60 (dd,
J= 3.2, 0.8 Hz, 1H), 5.29 (s, 2H), 5.11 (br s, 1H), and 1.15 (s, 21H); 13C NMR (100 MHz,
CDC13) 6 148.6, 137.9, 137.3, 129.0, 128.6, 127.9, 126.9, 118.8, 117.3, 108.6, 108.1, 107.3, 98.7,
88.6, 50.2, 18.9, and 11.5; Anal. Calcd for C2 6H33NOSi: C, 77.37; H, 8.24; N, 3.47. Found: C,
77.29; H, 8.38; N, 3.41.
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Ethyl 3-(1-Benzyl-4-hydroxyindol-6-yl)acrylate (341). A 10-mL, one-necked, round-bottomed
flask equipped with a rubber septum and argon inlet needle was charged with iodide 328 (0.048
g, 0.14 mmol, 1.0 equiv), Pd(OAc) 2 (0.002 g, 0.009 mmol, 0.06 equiv), PPh 3 (0.004 g, 0.015
mmol, 0.11 equiv), Bu4NBr (0.044 g, 0.14 mmol, 1.0 equiv), and K2C0 3 (0.048 g, 0.35 mmol,
2.5 equiv). The flask was evacuated and filled with argon (three cycles) and then 1.3 mL of
DMF, 0.13 mL of H20, and ethyl acrylate (0.028 g, 0.030 mL, 0.28 mmol, 2.0 equiv) were added.
The rubber septum was replaced by a cold-finger condenser with argon inlet side arm and the
dark green mixture was stirred at 65-70 'C for 4 h. The resulting dark brown mixture was
allowed to cool to room temperature and then filtered through a 4-cm column of silica gel in a 1-
cm wide column with the aid of 20 mL of EtOAc. The filtrate was washed with three 12-mL
portions of saturated NaCl solution, dried over MgSO 4, filtered, and concentrated to give 0.070 g
of a dark brown oil. This material was dissolved in ca. 5 mL of CH2C12 and concentrated onto
0.5 g of silica gel. The free flowing powder was added to the top of a column of 7 g of silica gel
and eluted with 25% EtOAc-hexanes to give 0.030 g (68%) of indole 341 as a yellow solid: mp
143.5-145.5 'C; IR (KBr pellet) 3359, 2979, 1691, 1637, 1610, 1581, 1497, 1467, 1438, 1368,
1307, 1280, 1254, and 1188 cm' ; 1H NMR (400 MHz, (CD 3)2 0) 6 8.68 (s, 1H), 7.67 (d, J= 15.9
Hz, 1H), 7.37 (d, J= 3.2 Hz, 1H), 7.21-7.35 (m, 6H), 6.81 (d, J= 1.1 Hz, 1H), 6.67 (dd, J= 3.2,
0.8 Hz, 1H), 6.37 (d, J= 15.9Hz, 1H), 5.47 (s, 2H), 4.18 (q, J= 7.1 Hz, 2H), and 1.27 (t, J= 7.1
Hz, 3H); 13C NMR (100 MHz, (CD 3)20) 6 167.8, 152.2, 147.5, 139.5, 139.4, 130.5, 130.4, 129.8,
128.7, 128.3, 122.3, 116.6, 105.7, 103.4, 100.4, 60.9, 50.9, and 15.2; Anal. Calcd for C20H19NO3:
C, 74.75; H, 5.96; N, 4.36. Found: C, 74.61; H, 6.09; N, 4.24.
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